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ABSTRACT 
 
Soil is vulnerable to degradation through deforestation, desertification, 
salinization, overgrazing and soil erosion. Water erosion causing factors are slope, 
rainfall, soil type, plant cover, runoff and lack of soil conservation techniques. 
Present study was carried out in the Dharabi watershed (196 km2) in Chakwal 
district of Pakistan, where high intensity rainstorms (especially during summer) 
cause most of the erosion. First part compared the sediment yield from gully and 
terraced gully land use systems in two pairs of small catchments,-one at Rahna 
Sadaat and the other at Thoa Bahadar. In each pair, gully system was adjacent to 
the terraced gully system. Instruments (recording rainguage and water level 
recorder) were installed to monitor the runoff and sediment yield from all the 
catchments. Data of soil, land use and vegetation cover were recorded. During 
three years (2009, 2010, 2011), the sites received 547, 725 and 686 mm rainfall, 
respectively with corresponding Gumbel probability of exceedance as 0.67, 0.30 
and 0.44. In 2010 and 2011, the terraced gully system produced almost 70 per cent 
lower average sediment yield as compared to gully system. Number of runoff 
events and runoff coefficient were lower in terrace system. The terraced system 
produced 64 per cent and 74 per cent lower sediment bound organic carbon losses 
at two sites with the largest amount of 88.4 kg ha⁻1 from gully catchment. At 
Rahna Sadaat, average annual loss of sediment bound nitrogen from Terrace-I was 
2.5 times lower than from adjacent Gully-I. Loss of available phosphorus was also 
lower (<1 kg ha⁻1) due to lower content in the soils. Similar results were observed 
for loss of sediment bound available potassium at this site. Here, terraced 
catchment decreased annual average loss of extractable K by 3.5 times (0.29 kg 
xvi 
 
ha⁻1 as compared to 1.01 kg ha⁻1 from the gully catchment) during 2010-2011. In 
the second part, soil erosion plots were established. Soil loss from a cultivated 
slope on a terrace and an undisturbed slope with natural cover was evaluated to 
ascertain the impact of cultivation of slopes already converted into terraces. A 
relatively steep slope (11.2 per cent) and a gentle slope (6.1 per cent) with natural 
vegetation were compared with a gentle slope (5.8 per cent) on cultivated terrace 
with existing cropping pattern. Cultivated slope produced the highest (8.96 Mg 
ha⁻1) soil loss annually as compared to the other undisturbed gentle and steep 
slopes, viz., 2.08 and 4.66 Mg ha⁻1, respectively. This suggests that a cultivated 
field on terrace generate more soil loss compared to an undisturbed slope with 
natural vegetation having similar or higher slope gradient of 11 per cent. It is 
concluded from the results that the use of a terraced gully system is helpful in 
reducing losses of sediments and adsorbed nutrients to the reservoir. On the other 
hand, cultivation on converted sloping terraces increases the soil loss at plot scale. 
Findings of this study could help making policy decisions regarding the land use 
change and its downstream impacts. 
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Chapter 1 
INTRODUCTION 
Soil is an important natural resource which feeds human and livestock, and 
provides timber and firewood. However, this resource is vulnerable to degradation.  
The most noticeable forms of land degradation are deforestation, desertification, 
salinization, overgrazing and soil erosion. Such land degradation results from 
either natural hazards or human activities. Unsustainable land management 
practices like forest degradation, deforestation, soil nutrient removal and 
cultivating the steep slopes also contribute to land degradation. The causes of land 
degradation also include population density, land tenure system, poverty and the 
policies which support the land degrading management practices (Nkonya, 2011; 
Ashraf, 2002). Rate of soil erosion mainly relates to the slope, rainfall, plant cover, 
runoff and conservation techniques. While the soil loss depends upon the choice of 
conservation practices (Morgan, 1995). 
Dharabi watershed is situated in Pothwar plateau (Pakistan) with total area 
of 196 km2 receiving annual rainfall ranging from 440 to more than 600 mm on 
spatial scale. About two-third of the precipitation occurs in monsoon season during 
the months of July, August and September as heavy showers. Vegetation of 
Dharabi watershed mainly consists of scrub forest dominated by Acacia modesta 
(Phulahi) and Olea ferruginea (Kaho, Wild olive) and grasses mainly Heteropogon 
contortus (Sariala, Spear grass) and Desmostachya bipinnata (Dab, Halfa grass) 
and cynodon dactylon (Khabbal, Bermuda grass). In rainfed areas, about 90 per 
cent of cultivated land is usually allocated to wheat crop during 
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Rabi (October-March) and 10 per cent to fodder during Kharif (April-September) 
season. There is usually one crop during the year. Grazing also occurs in Dharabi 
watershed in summer from March to October (Oweis and Ashraf, 2012). 
High intensity rainfall events especially during summer result in siltation of 
reservoirs due to water erosion (Oweis and Ashraf, 2012) which ultimately results 
in formation of deep gullies in different parts of Dharabi watershed. However, 
increasing pressure of population forced the farmers to extend agricultural land by 
i) converting sloping land into terraced fields, and ii) making of terraces with the 
gullies. At extreme downstream, these gullies have converted into badlands due to 
high gully density (SSP, 1967, 1975). 
Little work has been reported on soil erosion in Dharabi watershed as 
before the start of present study. Most of the work on documentation and 
evaluation of various practices was done during the present study. Various studies 
show good results of terrace farming on sloping lands elsewhere in the world. 
However, the work on terraces with the wide gullies is difficult to find. Different 
researchers found that terracing reduces soil erosion and many are of the view that 
it may accelerate runoff water during high rainfall season due to soil erodibility 
(Ramos et al., 2007 and Veeck et al., 1995). Under high soil erodibility conditions, 
terrace failures with overtopping or breaches may be more common resulting in 
higher runoff peaks. Lack of maintenance is another issue which may enhance soil 
losses (Muro, 2001; Nkonya, 2011). Likewise, farmers tend to cultivate sloping 
lands through decreasing the slope and by growing crops on sloping lands. This 
decline in slope gradient decreases the soil erosion; however, tillage promotes the 
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soil loss (Wischmeier and Smith, 1978). Various studies have reported the soil loss 
from terraces. A soil loss of 9.1 Mg ha−1 annually may occur due to erosion of 
taluses of orchard terraces (Zuazo et al., 2005). Soil losses also occur due to 
splashing effect of rainfall and transport of particles through overland flow from 
the bed of terrace and risers (Van-Dijik and Bruijnzeel, 2003). 
Sedimentation of Dharabi watershed and its relationship with current land 
uses have not been particularly examined in the past. The present study was, 
therefore, designed with the hypothesis “converted gullied and sloping lands to 
terraced fields cause a decrease in the sediment yield”. Therefore, the main 
objectives of the present research were: 
1. To determine the runoff driven sediment yield from terraced and gullied 
lands in Dharabi watershed 
2. To compare the soil loss from undisturbed slope and cultivated slope on 
terrace. 
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Chapter 2 
REVIEW OF LITERATURE 
Scope of the current study ranges from soil management practices to runoff 
for controlling sediment yield from gullies and terraces. Scientific review of the 
subject matter as partitioned into various subsections is presented hereunder: 
2.1  FACTORS AFFECTING SEDIMENT YIELD 
2.1.1  Land Use and Sediment Yield 
Soil particles separated from soil are called sediments, and sediment load at 
the end of a hill slope is called sediment yield. Four major factors which affect rill 
and interrill erosion are climate, soil, topography and land use. Land use is the 
most important which can be changed easily and has the highest effect (Foster et 
al., 2003). Terracing is one of the oldest means of saving soil and water. Moreover, 
it is the most widely used soil conservation practice throughout the world (AAFC, 
2012; Drechsler and Settele, 2001; Bokhtiar et al., 2001). Results reported by 
IAPAR (1984) indicated that terracing may reduce soil losses by half regardless of 
cultivation practices. Similarly, Hatch (1981) showed that a 35 degree slope having 
peppers had annual soil loss of 63 Mg ha⁻1 as compared with terraces with 
identical vegetation cover having soil loss of 1.4 Mg ha⁻1. Terracing has also been 
found helpful in combination with other soil conservation practices. Reduction in 
soil loss from 20 Mg ha⁻1 to less than one Mg ha⁻1 and a runoff reduction by 25 per 
cent of total growing season rainfall was found with grassed waterways and 
contour plantation of potatoes along with terracing (Chow et al., 1999). 
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Despite the benefits of terracing, poor maintenance of terrace walls and 
abandonment of terraces poses a major risk for massive soil loss, as reported by   
Veeck et al. (1995) and Harden (1996). Erosion control practices that are 
successful in temperate regions may be often less effective in tropical areas. 
Engineering practices like terraces, contour ridges, diversion terraces, and grassed 
waterways are often overwhelmed by high intensity rains (Troeh et al., 1980; Lal, 
1983; USEPA, 2013). The foot of terrace wall may be most vulnerable to erosion 
because of steep slope and poor vegetation cover (Lasanta et al., 2001). The 
research reported by Van Dijk and Bruijnzeel (2003) also supports this finding. 
Other authors explain that the terraces retain too much rain water which leads to 
saturation of soil and consequently to storm runoff (Gallart et al., 1994). 
Vegetative cover decreases the erosion through decrease in runoff. Sahin 
and Hall (1996) analyzed the data from 145 sites from different parts of the world 
and found that annual runoff was reduced by 5 mm with every 10 per cent increase 
in the surface area of scrub cover and an 18 mm increased runoff with every 10 per 
cent reduction in deciduous hardwood cover. Similarly, De Ploey (1989) estimated 
that soil erosion rates on unprotected fields may be 100–1000 times higher than 
fields with a permanent vegetation cover. However, the results reported by Rey 
(2003) showed that gully activity and sediment yield is not correlated with total 
vegetation cover, but with cover of low vegetation in the gully floor which traps 
the sediments. 
Soil disturbance with cultivation and grazing has generally been associated 
with higher sediment yields as compared with undisturbed forests etc. Wei et al. 
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(2007) reported 14 years data of 131 runoff events in loess hilly area of China. 
Mean erosion modulus and runoff coefficient among the five land use types were 
in the order of cropland > pasture land > woodland > grassland > shrubland. 
 In Australia, Neil and Fogarty (1991) has reported that the native pasture 
produced 3.8 times more sediments, cropped area 21 times, improved pastures 5.4 
times, pine plantation 38 times and overgrazed pasture 27 times more than forest. 
Erskine and Saynor (1996) reviewed the available suspended sediment yield data 
from Australia and concluded that most of the rivers yielded less than 0.5 Mg ha⁻1 
of sediments, whereas the catchments, which had been extensively disturbed by 
agriculture or affected with high density gullying yielded more than 1.2 Mg ha⁻1. 
Erskine et al. 2002 has reported that cultivated basins produced an annual sediment 
yield of 7.1 Mg ha⁻1 whereas grazed pastures and forest / woodland basins 
exported 3.3 and 3.1 Mg ha⁻1 of sediments respectively on shale, granite and 
sandstone drainage basins. 
Some authors have reported pastured catchment exporting considerably 
more sediments than a forest or woodland catchment (about 2.5 as compared to 1.0 
Mg ha⁻1 year⁻1) (Neil and Fogarty, 1991; Mahmoudzadeh et al., 2002). However, 
Erskine et al. (2002) reported that a similar amount of sediments were exported 
from grazed pasture and forest basins. However, they attributed this similarity to 
grazing of these forest basins which increased soil loss. Casali et al. (2010) 
reported that the annual sediment yield and sediment concentration were higher in 
woodland sub catchment as compared with principle catchment having both 
woodland and pasture. Logging activities were also responsible for higher 
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sediment yields. However, it is generally recognized that grasses and dense forests 
provide the ample soil protection and are nearly equal in effectiveness (Brady and 
Weil, 2008). Erskine et al. (2002) and Rey (2003) reported that magnitude of soil 
loss increases between retired land, pasture, wheat and bare fallow. Castillo et al. 
(1997) reported that surface runoff is reduced with enhancement in sediment 
removal due to grazing. He ascribed this to surface compaction by cattle and 
decrease in soil infiltration rate. Unpaved roads also serve as conduits for runoff, 
increasing surface erosion and sediment loads in arid and semiarid regions (Moore 
et al., 1999).  
Adaptation of various soil conservation practices us associated with 
decreased sediment yield. Though cultivation practices for arable crops or trees 
increase erosion, however, terracing with these practices has been associated with 
decreased sediment yield. Huang et al. (2003) reported the impacts of some 
conservation practices in Loess Plateau of China which resulted in 25 and 38 per 
cent less cumulative runoff and sediment yield along with reduction in maximum 
discharge and maximum suspended sediment concentration. Potential of reducing 
concentrated flow erosion through conservation practices like terraces and 
plantation of stiff grass hedges in gullies have also been reported by Dabney et al. 
(1995). Similarly, bench terracing has also been associated with reduced runoff and 
soil loss as compared with conventional cultivation techniques at steep hillside 
farms (Mills et al., 1992). Farmland terracing and reforestation have also been 
found to reduce runoff and sediment yield by 20–100 per cent and 10–100 per cent 
respectively. However, the reduction in surface runoff was different under different 
precipitation regimes (Zhang et al., 2010). 
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Appropriate land-use and land management practices that maintain 
extensive ground cover are useful for reducing soil loss and sediment delivery. As 
runoff and soil loss are both inversely related to ground cover, afforestation could 
increase surface roughness and reduce the impact of raindrops and the ability of 
running water to detach and transport sediment (Laflen et al., 1985; Vought et al., 
1995). 
2.1.2  Rainfall and Erosivity 
Soil erodibility and rainfall erosivity are two important physical factors that 
affect the magnitude of soil erosion. Erosivity is an expression of the ability of 
erosive agents like water to cause soil detachment and its transport (Lal and Elliot, 
1994). Rainfall event properties such as rainfall duration and intensity influence 
the partitioning of water among the processes of interception by plant canopy and 
evaporation, ponding, infiltration and overland flow (Hawke et al., 2006; Struthers 
et al., 2007). These processes control the water erosion through splash, sheet and 
rill flows (Dunkerley, 2008; Parsons and Stone, 2006). However, the approaches 
and apparatus used to define rain events significantly affect the reports of mean 
rain rates (Bracken et al., 2008; Cattan et al., 2006). 
Various authors have used a range of rainless intervals (3 to 90 minutes) to 
separate one event from other (Cattan et al., 2006; Cosgrove and Garstang, 2005; 
Chahinian et al., 2005). Due to these gaps, the time required for canopy to become 
fully wet may increase and therefore can reduce the duration during which intra-
storm evaporative losses may proceed at maximum rates (Carlyle-Moses, 2004). 
Gaps in occurrence of rainfall and/or overland flows may help infiltration to 
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partially empty the ground surface ponding sites (Aryal et al., 2005) and during 
next spell of rain, these micro ponding sites need to be filled up before starting 
surface runoff.  
There are several classifications of rainfall rate. Mean rainfall rate of 5–10 
mm h⁻1 was considered as dividing line between stratiform and convective rainfalls 
(Tokay and Short, 1996; Pawlina, 2002). Some researchers have referred rainfall 
rates of <5 mm h⁻1 as ‘weak’, and > 5 mm h⁻1 as ‘strong’ (Pawlina, 2002; Dairaku 
et al., 2004). Moszkowicz (2000) regarded 1.2 mm h⁻1 as moderate rainfall rate in 
Europe, and Toba and Ohta (2005) described 2.3 mm h⁻1 as ‘high’ rainfall rate. 
Vilar and Burgueno (1995) used different criteria and described mean R > 50 mm 
h⁻1 as ‘heavy’ storm. For rainfall simulation, Hunsche et al. (2007) classified 
simulated rainfall as light (0.5 mm h⁻1), heavy (5 mm h⁻1) and torrential rain (48 
mm h⁻1). Whereas, Tejada and Gonzalez (2007) described R=60 mm h⁻1 as ‘low 
intensity’ and R=140 mm h⁻1 as ‘high intensity’. Rainfall time along with rainfall 
intensity is also important and 30 minutes time has been referred by authors like 
Wischmeier and Smith (1978). With higher figures of intensity, the classification 
needs to extend to much higher rain rates. 
Wischmeier and Smith (1978) showed that soil losses from cultivated fields 
were directly proportional to EI where E is total storm energy and I is maximum 30 
minutes intensity. Relationship of soil loss to EI was linear and individual storm 
values were additive. However, Liu et al. (2004) demonstrated that the erosion rate 
of undisturbed grassland and matured afforestation land was not proportional to 
rainfall intensity because these land uses changed the properties of rain. 
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2.1.3  Models 
Studies have been made to develop statistical relationships amongst various 
variables. Traditionally, sediment rating curves (SRCs) based on univariate linear 
regression of discharge and suspended sediment concentration (SSC) are used. 
Francke et al. (2008) used nonparametric regression technique using Random 
Forests (RF) and Quantile Regression Forests (QRF) for SSC data obtained for 
four subcatchments in the Central Spain. These techniques were found robust and 
performed better for reproducing sediment dynamics. Romero et al. (2008) 
established relationships using regression analysis between various variables 
relating precipitation, discharge and suspended sediments. He analyzed the data of 
79 events in a small badland catchment. 
At sub-basin scale, Phippen and Wohl (2003) used six statistical models 
which also included multiple regression and principal components analysis, to 
develop mathematical relationships between significant independent variables and 
sediment load. The impact of different land uses on sediment load can be assessed 
satisfactorily through using various statistical techniques. Results of many studies 
are available at various spatial scales on the influence of land use change on 
various hydrological aspects and sediment yield (Bakker et al., 2008; Casali et al., 
2010; Tang et al., 2011). Multivariate statistics are commonly used to relate the 
land use changes with the stream flow or sediment yield (Zhang et al., 2007; Nie et 
al., 2011; Yan et al., 2013). 
Empirical models like USLE have been used for erosion prediction. 
However, models differ in terms of complexity, their inputs, requirements and the 
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processes they represent (Merritt et al, 2003). In most of the catchment runoff 
cases, the transport capacity equation is usually not critical because the detachment 
from rain splash energy dominates the erosion rates (Wei et al., 2009; Kinnell, 
2005; Smith et al., 2010). 
  Gully erosion is main problem in loess soils and gullies exhibit different 
behavior than rilled or inter-rilled slope segments as reviewed by Sidle (2006a). 
During runoff events, gullies act as major channels. In loess soils, gullies incise, 
banks erode and undercutting occurs during storm runoff. These processes are 
followed by bank collapse and mass wasting which results in steepening of the 
gully sidewalls and headcuts (Hessel and Asch, 2003; Poesen et al., 2003). After 
oversteepening of gully bank, the mass wasting of dry ravel surface may occur 
(Sidle and Ochiai, 2006). As gullies erode deeper and deeper, mass wasting process 
dominates over surface erosion (Wieczorek et al., 1987; Xu, 1999; Sidle et al., 
2004). Some models (e.g., WEPP and EGEM) only simulate the fluvial erosion 
processes in gullies but not mass wasting. Erosion models calibrated against 
catchment ‘outputs’ mostly ignore internal processes of entrainment, transport, 
and storage. Therefore, are limited in use or may mislead in evaluating the effects 
of land uses (Sidle, 2006b).  
2.2  LAND USE AND NUTRIENTS 
2.2.1  Relationship between Soil Characteristics and Land Use 
Soil characteristics vary with land use and slope positions. Fu et al. (2004) 
reported that shrub land had the highest soil quality index (QI) value, while 
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reforested land and farmland had lower values. Foot slopes and upper slopes had 
higher soil quality levels compared to middle slopes and lower slopes. Wang et al. 
(2001) also found woodland, shrub land and grassland having significantly higher 
levels of soil organic matter and nitrogen as compared to fallow land and cropland. 
Other soil properties also change with slope position as Oztas et al. (2003) found 
that clay content of surface samples was lowest at backslopes but similar at summit 
and footslope positions. Similarly, bulk density of soil was also higher at backslope 
and footslope than that of summit position. 
2.2.2  Importance and Impacts of Nutrient Losses 
Soil erosion is one of the important factors leading to nutrient depletion. 
Nutrient depletion can also cause soil erosion because when nutrients are lost; 
there will be less production of biomass which protects the soil from erosion 
(Hashim et al., 1998). 
Runoff also transports various pollutants from land to the water courses in 
suspension and solution forms. Sediment is also one of the pollutants deposited in 
lakes and reservoirs (Butcher et al., 1993). Nutrients, particularly phosphorus may 
get attached to the sediments (Frost, 1996; Fraser et al., 1999; Quinton et al., 
2001). Phosphates attached with soil particles during runoff may support the algal 
blooms, which are toxic in reservoirs, rivers and streams. Phosphates also support 
the growth of undesired plants, which in turn reduce the biodiversity in aquatic 
environment (DETR, 1998; Environment Agency, 2000). Heavy expenses may be 
needed for treatment of water to remove sediments and other pollutants to make 
the water fit for drinking (Pretty et al., 2001; Environment Agency, 2002). While 
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studying the transport of nitrogen and phosphorus from upland fields to surface 
runoff, Mihara and Ueno (2000) reported that higher fertilizer application resulted 
in higher N and P losses from runoff plots. Moreover, total N and P concentrations 
increased with concentration of eroded material indicating that the soil particles 
and organic matter transported most of the nitrogen and phosphorus. 
2.2.3  Nutrient Enrichment Ratios 
In grazing lands, runoff may remove part of nitrogen deposited in excreta 
of the cattle (Heathwaite et al., 1993). The nitrogen concentrations in urine patches 
exceed the uptake of the grasses. Nitrogen loss through surface runoff increases 
with increasing slope, but decreases with time interval between application and 
rainfall event causing the runoff (Whitehead, 1995). Similarly, the addition of P 
fertilizers increase it concentration in runoff. However, enrichment ratio (ER) 
decreases with increase in rainfall intensity and soil slope. Therefore, sediment 
delivery information should be taken into consideration while studying the 
preferential delivery and loss of various fractions of eroded sediment (Hashim, 
1998). 
Erosion removes the nutrient rich top soil selectively and nutrient rich 
sediment is enriched further during transport by selective deposition of fast settling 
particles (Palis et al., 1990a). However, the enrichment ratio is not constant and 
varies with erosion event, soil type and measurement scale. Therefore, separation 
of sediments into bedload and suspended components is useful (Hashim et al., 
1998). Where rainfall impact is dominant erosion agent, it results in higher 
concentration of finer or slower-settling sediments than the soil being eroded by 
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runoff. However, if it occurs with erosion caused by overland flow, the particle 
size of eroded sediments will be almost similar to that of the soil being eroded. The 
results of the studies of Palis et al. (1990 a,b) and Proffitt et al. (1991) support 
these conclusion. Similarly, Onstad and Moldenhauer (1975) noted finer sediments 
from inter-rill areas (where rainfall impact was the main erosion mechanism), 
compared to sediments generated through rill flow. If all sizes of the aggregates 
have same composition, the difference in sediment size distribution resulting from 
these two erosion processes will not have any chemical/nutrient enrichment 
consequence. Similar results were reported by Schiettecatte et al. (2008) who 
observed that rill and interrill erosion processes have different impacts on 
enrichment of organic carbon in transported sediments. Rill erosion proved to be a 
nonselective, while for interrill erosion, the enrichment ratios of organic carbon 
(OC), varied between 0.9 and 2.6. 
Other factors like runoff and sediment discharge have also been related to 
enrichment ratios of nutrients. Sharpley (1980) obtained significant linear 
relationship between logs of ER and sediment discharge. The results indicated that 
rainfall energy, runoff and soil P status have greater impact on ER than soil 
physical properties. Many relationships have been developed by various 
researchers like Menzel (1980), Sharpley (1985) i.e. (ln (PER)=1.21-0.16 ln (soil 
loss) and Knisel (1980). 
Other relationships are as under and similar: 
ln (ER) =2.00-0.20 ln (Sed)  (Menzel, 1980) 
ln (ER) =2.48-0.27 ln (Sed) (Sharpley, 1980) 
Where, Sed is sediment yield (kg ha⁻1) and ln is natural log. 
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Generally, the sediment deposition is a highly size selective process. 
However, if the sediments are transported in the form of aggregates, the size 
selectivity phenomenon during the deposition is less pronounced due to the 
presence of soil aggregates in deposits. Considerable amount of pollutants are 
transported within larger aggregates (Beuselinck et al., 2000). 
Wild fires have also been reported to increase erosion and nutrient losses in 
runoff. In a study conducted by Saa et al. (1994), the moderate burns led to higher 
levels of inorganic P in eroded sediments resulting in enrichment ratios between 
3.36 and 5.04. However, sever burning led to 2 to 11 times increase in sediment P. 
2.2.4  Nutrient Losses from Land Use Systems 
Amount and type of nutrient loss from various watersheds depends on its 
land use patterns and soil type. Application of fertilizer to the soils of the 
watershed is also a key factor which governs the nutrient losses associated with 
sediments and runoff (Hashim, 1998). The variations of total nitrogen and 
phosphorus in runoff may be described by changes in land use along with 
fertilization intensity, soil characteristics and water discharge (Grimvall et al., 
2000). Many studies have been conducted which indicate that cropped watersheds 
produce more nutrient export than forested or pastured watersheds mainly because 
of application of fertilizer to crops. Nutrient losses were influenced by land use. In 
a study reported by Hashim and Abdullah (2005), hardwood produced lesser 
nutrient losses than the cabbage and tea plantation. Cabbage plantation produced 
highest nutrient losses than from other land uses due to higher rates of manure and 
fertilizer application (Hashim and Abdullah, 2005). In a recent study conducted in 
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Spain by Casalí et al. (2010), total sediment and solute yields were in the order of 
cereal crops > forest > pasture. Nitrate concentration and total yields from 
forested/pastured watershed were lower than from two cultivated watersheds. 
However, phosphate yields were higher from forested/pastured watershed due to 
soil conditions and fertilization of pasture. Verstraeten and Poesen (2000) showed 
that the higher nutrient losses may also be due to comparatively higher sediment 
yields rather than somewhat high nutrient content of the sediments. Similar results 
were achieved by Schreiber et al. (1980) while reporting the results of five 
reforested watersheds observed significant differences in sediment nitrogen yields 
among the watersheds which were positively related to storm flow volume in 
addition to sediment concentration, and sediment N concentration. 
The watersheds with more organic soils and more cultivated areas lost more 
sediment nitrogen and sediments removed 22 to 67 per cent of total watershed 
nitrogen (Neilsen and MacKenzie, 1977). Fires also increase nutrient losses in 
runoff. Saa et al. (1994) reported that after burning, the annual total P losses due to 
elimination of particulate material in runoff increased from 1.42 kg ha–1 in control 
to 4.35 kg ha–1 of moderately burnt plots and to even higher i.e. 9.10 kg ha–1 from 
severely burnt plots. 
Land abandonment has also effect on sediment yield. Pardini et al. (2003) 
carried out investigation on period of abandonment on erosion and nutrient 
depletion in Mediterranean shallow sandy loam. Highest runoff, sediment yield 
along with highest dissolved organic carbon and N in runoff water were observed 
from cultivated soils. Kleinman et al. (2006) reported that various landscape 
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positions may also be responsible for variations in N and P losses. Higher runoff 
volumes from foot-slope positions produced more losses of total P, viz., 0.08 kg 
ha⁻1 and N, viz., 1.35 kg ha⁻1 than the mid-slope positions, viz., 0.05 total P kg ha⁻1 
and 0.48 kg N ha⁻1.  
2.3  SLOPING LAND USE AND SOIL LOSS 
Climate, topography, vegetative cover and land use are main factors 
affecting erosion as incorporated in USLE (Wischmeier and Smith, 1978). 
Different land uses like cropland has been reported by many researchers to be more 
erodible than other land uses. Tiwari et al. (2008) established runoff plots on 
outward sloping agricultural terraces. The agricultural land produced more soil loss 
i.e. 1.3 Mg ha⁻1 yr⁻1 as compared to forested areas, viz., 0.3 Mg ha⁻1 yr⁻1. 
However, reduced tillage treatment minimized soil and water loss by 18 to 28 per 
cent and 7 to 11 per cent respectively. Similarly, Ngatunga et al. (1984) reported 
the effects of four soil management practices, viz., bare fallow, plowing, straw 
mulch @ 6 Mg ha⁻1 and natural grass cover on runoff and erosion on natural slopes 
of 10, 19 and 22 per cent in Tanzania. The annual soil loss from grass cover 
treatments was lowest, viz., 0.08, 0.14 and 0.10 Mg ha−1, respectively. Navar and 
Synnott (2000) also observed the highest runoff and soil loss from agricultural 
lands. Tillage operations were believed to be the most important factor for 
controlling these processes. Similar results were achieved on loess hilly area of 
China, where Wei et al. (2007) compiled the 14 years of data and found that mean 
runoff coefficients and erosion modulus amongst the five land use types were in 
the order of cropland > pastureland > woodland > grassland > shrubland. High 
18 
 
 
 
intensity, short duration and high frequency caused the greatest proportion of 
runoff and soil loss. Same trend was observed by Liu et al. (2004). Perennial 
grasses are also known to decrease erosion. In a study by Jankauskas et al. (2008) 
Perennial grasses prevented water erosion completely in Lithuania on undulating 
slopes, and increased the percentage of clay-silt and clay fractions in arable soil 
horizons. 
  At plot scale, cultivated lands produced more runoff volume, runoff 
coefficients and sediment yields than from other land uses which included 
plantation, open grazing, and exclosures in Ethiopia (Girmay et al., 2009). 
Vegetative ground cover was negatively correlated with runoff coefficient. Runoff 
volume, on average, from cultivated lands was 2 to 27 times higher than other land 
uses and sites. However, presence of crop or hedgerows decreases soil loss. 
Presbitero et al. (1995), in humid tropics, observed that at steep experimental plots, 
addition of hedgerows halved runoff which reduced the soil loss. The peanut as 
intercrop further reduced both runoff and sediment concentration in the runoff. 
Zhang et al. (2008) compared runoff and soil loss from sloping terraces vs slope 
fields. The results indicated that runoff amount and coefficient of slope fields 
increased by 21.5-41.0 per cent and 27.5-69.7 per cent, respectively as compared 
with sloping terraces Sediment yields on the slope fields were remarkably higher 
(34­331 per cent and 37-403 per cent in two plots respectively) than the plots on 
sloping terraces. 
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Chapter 3 
MATERIALS AND METHODS 
3.1 STUDY AREA 
 This study was conducted during the years 2009-2011 in a watershed 
located upstream of the Dharabi reservoir. It covers an area of 196 km2 and is 
located between the latitude 32° 42′ 36″ to 32° 55′ 48″ and longitude 72° 35′ 24″ to 
72° 48′ 36″ in Chakwal district which is situated in northern plateau of the Punjab 
province named as Pothwar (Figure 1). Map of Dharabi watershed is shown in 
Figure 2. The elevation of the Dharabi watershed varies from 445 meters above sea 
level in the North near Dharabi reservoir up to 898 meters in the south. The 
watershed has one lake, two small dams and a number of mini dams. The reservoir 
drains into a stream known as Dharab Kass which flows to the Soan River. The 
Soan River further joins the Indus River at Kalabagh site. Rainfall is the main 
source of freshwater in this watershed. However, a few small springs also originate 
from hills and provide water to Kallar Kahar lake. 
3.2 GEOLOGY AND GEOMORPHOLOGY 
 Pothwar trough forms an extension of the much wider and longer Indo-
Gangetic synclinorium. It has a history of loessic and alluvial depositions, 
erosional cycles and mountain building. The area is mainly underlain by interbeded 
conglomerates, sandstones, shales and silt stones (SSP, 1967). In south western 
and south eastern parts of Dharabi watershed, uplands of salt range lie in between 
more or less gently sloping hills. Sloping lands exist as flood plains or piedmont 
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Fig. 1. Dharabi watershed: a) Location, b) Pakistan map 
 
Barani area 
a) 
b) 
21 
 
 
 
 
 
Fig. 2. Dharabi watershed map 
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 plains having gradient about 10 per cent. These slopes generally consist of grasses 
and shrubs. However, the farmers use farm machinery for converting these slopes 
into sloping terraces for arable crops. 
 The study area consists of small to large terraces, shallow to deep gullies, 
mounds and hillocks. Soils originated from eroded material with stone contents 
ranging from 30 to 70 per cent. Studied catchments have two types of land forms, 
firstly, level to nearly level cultivated land in the upper part of the catchment, and 
secondly, deep and wide gullies in the lower part of catchments. Lower parts of 
these plains are progressively being converted to deep and wide gullies that will 
ultimately turn into badlands. This land type occurs extensively in the dissected 
basin plains. It is steep or very steep nearly barren land (ordinarily not stony) 
characterized by numerous intermittent drainage channels (SSP, 1967). 
 Nearly level plain has been classified as piedmont alluvial plains. Soils in 
this landform are brown to dark brown clay loams or sandy clay loams. These are 
calcareous throughout and have been named as Dhumman soil series (Subgroup: 
Typic Haplargids, Order: Aridisols, according to USDA Classification system) 
(Soil Survey of Pakistan Report 1967). Dhumman soil series has very deep and 
well drained moderately fine textured calcareous soils formed in sub recent 
mountain outwash deposits. These soils have argillic B horizon and a week 
subangular blocky structure. The soils have organic matter contents usually lower 
than 1.0 per cent and generally sandy loam in texture.  
 There are four distinct seasons in the Dharabi watershed. Spring starts in 
March with growth of natural vegetation. May, June and July are the hottest 
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months with daily maximum temperatures rising above 40 oC. Monsoon rainfall 
season is spread from July to September, which is followed by autumn. December 
to February are winter months with night temperatures decreasing to -1 to -2 °C for 
a few days. Twelve years’ meteorological data recorded at the observatory of 
SAWCRI, situated at the boundary of Dharabi watershed near dam site, are 
presented in Table 1. Average annual rainfall ranges from 440 to more than 600 
mm (on spatial scale) with higher rainfall in northern parts of the watershed. 
However, most of the rainfalls are received during monsoon season extending from 
July to September. 
According to Oweis and Ashraf (2012) natural vegetation of Dharabi 
watershed mainly comprises scrub forest and the dominating tree species are 
Acacia modesta (Phulai), Acacia nilotica (Kikar, Prickly acacia), Zizyphus 
mauritiana (Ber, Jujube), Dalbergia sissoo (Shisham, Indian Rosewood), Olea 
ferruginea (Kaho, Wild olive), Dodonia viscosa (Snatha, Hopbush). Among grass 
species, the dominating are Heteropogon contortus (Suryala, Spear grass), 
Cenchrus ciliaris (Dhaman, Buffle grass), Desmostachya bipinnata (Dab grass, 
Halfa grass), and Cynodon dactylon (Khabbal, Bermuda grass). Natural vegetation 
is used for grazing and as a source of fire and timber wood for local people. This 
vegetation cover has decreased in areas of lower/northern watershed due to 
overgrazing. There are two cropping seasons i.e. Rabi and Kharif. Sowing of Rabi 
crops is usually carried out in October and November and harvesting is done in 
April. Kharif crops are usually sown with the onset of monsoon season in July with 
the exception of groundnut which is generally sown in March. 
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Table 1: Monthly meteorological data of Chakwal (2000 to 2011) 
 
Month Rainfall 
(mm) 
Mean 
minimum 
temp.  
Mean 
maximum 
temp.  
Pan 
evaporation  
Solar 
radiation 
(Rs)*  
 mm oC oC mm day⁻1 MJ m⁻2 day⁻1 
Jan 25 1.5 17.2 1.46 11.0 
Feb 63 5.4 19.4 1.94 12.8 
Mar 42 10.2 26.2 3.08 17.0 
Apr 32 14.8 31.7 4.90 21.3 
May 29 20.4 37.1 7.16 23.5 
Jun 94 23.2 37.5 7.94 23.6 
Jul 142 24.0 35.3 6.13 21.9 
Aug 160 23.6 33.0 5.16 20.1 
Sep 69 20.8 33.0 4.94 18.9 
Oct 16 14.5 31.2 4.47 16.0 
Nov 9 7.9 25.0 2.31 12.7 
Dec 14 2.6 19.6 1.50 10.7 
 
*Calculated from sunshine hours using FAO method, viz., Angstrom formula - Rs= 
Ra(as+bs*(n/ N)) where as=0.25; bs=0.50; Rs=Solar radiation; Ra=extraterrestrial 
radiation; n=actual duration of sunshine hrs; N=maximum possible sunshine hours. 
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Harvesting of Kharif crops is carried usually in October to November. 
Usually one crop is grown during the year due to limited amount of rainfall. At 
cultivated lands, the main Rabi crops are wheat, brassica and taramira (Eruca 
sativa) whereas, main Kharif crops are sorghum and millet as fodder and 
groundnut grown with no or very little use of N fertilizer. On sloping terraces and 
slopes mostly taramira is grown during winter (Figure 3) and these lands usually 
remain fallow during summer. Grazing mainly occurs from March to October. 
PROCEDURES 
The research work was carried out in the northern part of Dharabi 
watershed, and was split into the following two parts: 
1. Comparison of sediment yield under terrace and gully system 
2. Monitoring of soil loss under undisturbed slope and cultivated slope on 
terrace  
3.3 SEDIMENT YIELD FROM SMALL CATCHMENTS 
3.3.1  Site Selection 
For comparison of terraced and gully land use systems, adjacent catchment 
approach was used. This approach has already been used by many researchers to 
evaluate the effect of different land use practices (Udawatta et al., 2004; Fiener and 
Auerswald, 2003; Yusop et al., 2006; Gafur et al., 2003). Main considerations 
during selection of catchment were that the catchments should have well defined 
boundaries and are suitable for testing of the hypothesis and installation of 
equipment. 
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Fig. 3. Winter cropping pattern in Dharabi watershed, a) taramira (Eruca sativa) at 
sloping terrace, and b) taramira on sloping terraces and wheat on nearly level 
terrace inside the gully 
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Two pairs of small catchments were selected in downstream part of 
Dharabi watershed, one near Thoa Bahadar and another near Rahna Sadaat. These 
two pairs were four kilometers apart from each other.  Each catchment pair was 
composed of a gully system adjacent to a terraced system. Each catchment had a 
single dominant land use system. Adjacent cachments were selected so that each 
catchment pair has almost similar soil type. Surface area of the catchments was 
similar to that being practiced by the farmers. These small watersheds were 
monitored for three years from 2009 to 2011, and data were collected. 
3.3.1.1 Site-I: Rahna Sadaat pair of catchments 
Gully-I 
This catchment (ID 25 as designated by SAWCRI), which is termed as 
Gully-I in this manuscript, is located in village Rahna Sadaat. This catchment 
(Chakwal) is a deep and wide gully covered with natural vegetation which has 
been named as “gully land use system” (Figure 4). The main gully walls are steep 
sloping or vertical with numerous small active gully heads. The catchment is 
covered with natural vegetation comprising of trees, shrubs and grasses. The gully 
bed is covered with natural growing grass species such as suryala, dab, khabbal 
and saroot. The catchment is being mainly used for firewood and grazing purposes. 
Terrace-I 
Catchment (ID 27), termed as Terrace-I in this manuscript, is also a gully 
system but has terraces over its bed/floor for growing arable crops named here as 
“terrace land use system”. Terrace-I is adjacent to Gully-I. The terraces are gentle 
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Fig. 4. Pictures of gully and terraced gully catchments, a) Gully-I lower part. The 
grass cover at gully bed is low due to dry season at the start of study, b) Terrace-I 
middle part. Gully bed converted to terrace is visible, c) Terraces and crop visible 
on Terrace-II d) Gully-II lower part Gully visible 
 
 
(a) (b) 
(c) (d) 
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sloping (about 1 per cent). Bunds/terrace risers are of variable height. Other 
physical features and vegetation of gully walls of this catchment are almost similar 
to adjacent Gully-I. The terraces are used for summer fodder crops, viz., sorghum-
millet mix. Controlled grazing is also carried out by farmers during summers.  
3.3.1.2 Site-II Thoa Bahadar pair of catchments 
Gully-II 
 This catchment (ID 31), termed as Gully-II in this manuscript, is a deep and 
wide gully with natural vegetation referred as “gully land use system”. It is drained 
by a wide gully system. The gully walls are covered by dominant shrubs and grass 
species, viz., suryala, dab and khabbal with few phulahi and sheesham trees. Saroot 
is present in gully bed. Here, vegetation is the source of grazing and firewood. 
Terrace-II 
This catchment (ID 32), termed as Terrace-II in this manuscript, is a gully 
system with terraced bed for growing arable crops called “terrace land use system”. 
Terrace-II is adjacent to Gully-II. These gentle sloping terraces have been built 
over gully bed by the farmers. Gully walls are sloping with grass and shrub cover. 
3.3.2 Characterization of Catchments 
3.3.2.1 Topography and morphology 
 A topographic survey of each catchments was carried out using an 
electronic total station and a GPS (Figure 5). Data were processed for preparation 
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Fig. 5. Topographic features of Terrace-II as surveyed with electronic total station 
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of maps. A detailed survey of each small gully within the large gully was not 
feasible. Thus gullies only having a width of more than three meters were surveyed 
in details. The elevation maps were prepared using Arc GIS 9.1. The salient 
characteristics of studied catchments are given in Table 2. The elevation maps of 
catchments are presented in Figure 6. 
3.3.2.2 Vegetation Cover Measurement 
For each catchment, the vegetation cover was measured using the line 
intersect method (Kent and Coker, 1992) at three line transacts at right angle to the 
main flow path (i.e. gully floor). These transacts were assumed to be representative 
of the total catchment situation. The vegetation percent cover was determined by 
using the following formula: 
Vegetative	cover	(%) = Sum	of	intercepts	by	all	species	on	all	transectsTotal	length	of	all	transects × 100 
3.3.2.3 Soil sampling 
 Soil samples were collected along line transects from the top soil (0-5 cm) 
of catchments in such a way to cover all landscape positions. The samples were 
analyzed for various parameters. 
3.3.3 Procedure for Meteorological Data Collection 
The study used meteorological data collected at two sites. Details of 
instrumentation are presented in Table 3a. The first one is the meteorological 
observatory belonging to the Soil and Water Conservation Research Institute, 
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Table 2: Main characteristics of selected catchments 
Parameters / Catchment ID Gully-I Terrace-I Gully-II Terrace-II 
Area (ha) 2.0 3.0 1.5 3.3 
Perimeter (m) 998 998 541 651 
Minimum elevation (m) 527  528  509  509  
Average channel slope (%) 3.5 3.0 4.5 3.7 
Longest flow path length (m) 293 332 218 210 
Maximum elevation (m) 540  539  522  521  
Average catchment slope (%) 10.5  5.7 10.0  7.6 
Watershed length (m) 284 329 217  211 
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Fig. 6. Elevation maps of studied catchments a) Rahna Sadaat b) Thoa Bahadar 
 
 
(a) 
(b) 
Terrace-I 
Gully-II 
Terrace-II 
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Table 3: Installation details, a) instrumentation, and b) weir structures at catchment 
sites 
 
a) Instrumentation 
Sr No Instrument type Location Latitude Longitude 
1 Weather station Dhoke Ratta 32° 50′ 15″ 72° 42′ 08″ 
2 Met observatory SAWCRI 32° 55′ 56″ 72° 43′ 13″ 
3 Rainguage Rahna Sadaat 32° 53′ 30″ 72° 42′ 24″ 
4 Rainguage Thoa Bahadar 32° 55′ 14″ 72° 42′ 39″ 
5 Water level recorder Gully-I 32° 53′ 40″ 72° 42′ 33″ 
6 Water level recorder Terrace-I 32° 53′ 39″ 72° 42′ 37″ 
7 Water level recorder Gully-II 32° 54′ 58″ 72° 42′ 30″ 
8 Water level recorder Terrace-II 32° 55′ 05″ 72° 42′ 34″ 
 
b) Details of weir structures 
Sr No Name Catchment Area  Width  Wall height  
   ha m m 
1 Rahna Sadaat-1 Gully-I 2.0 0.5 0.65 
2 Rahna Sadaat-2 Terrace-I 3.0 0.5 0.65 
3 Thoa Bahadar-1 Gully-II 1.5 0.3 0.70 
4 Thoa Bahadar-2 Terrace-II 3.3 0.7 0.50 
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 (SAWCRI) Chakwal. This observatory is located at 2 km from Thoa Bahadar pair 
of catchments. A weather station HOBO-U30 was installed at Dhoke Ratta which 
is located 6 km from the Rahna Sadaat catchments. One automatic (tipping bucket 
type) rainguage RG 600 each (with one tip= 0.254 mm) was installed at the top of 
the two pairs of small catchments. Rainfall events were considered to be 
independent when there was no rainfall for one hour (known as minimum inter-
event time). The rainguages installed at the catchments also had the same rainfall 
recording interval as that of water level recorders.  
3.3.4 Measurements of Runoff and Sediment Yield 
3.3.4.1 Construction of weir structures 
Discharge was measured using sharp crested rectangular weirs located at 
the outlets of catchments for measurement of discharge (Table 3b). Adequate 
height was provided from the base to the crest of weir for deposition of sediments.  
3.3.4.2 Installation of water level recorder 
Water level recorders measured the level of runoff water to produce the 
stage hydrograph. Electronic water level recorders (Global Water WL-16) were 
installed on 4 inch pipe. The water level recorders were programmed to take 
readings at 2 minutes interval.  
To calculate runoff volume, stage hydrograph formed was converted to the 
discharge hydrograph using the formula for sharp crested weir, Q=C B H3/2 where 
Q=discharge in m3 sec⁻1, B=width of weir (m), C=constant (equal to 1.48), 
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H=height (m) of water passed over weir. Runoff volume was calculated using 
formula: 
Runoff volume=Sum of discharge Q in seconds X time interval for all stages. 
The volume of water standing in stilling basin was added to the volume of 
water passing over the weir to obtain the total runoff volume. Peak runoff rate was 
measured from the maximum height of water passing over the crest of the weir. 
Due to unavailability of water level recorders for Terrace-I and II during 2009, 
partial data were recorded for runoff which included peak runoff rate and bedload 
sediment yield. 
3.3.4.3 Measurement of coarser sediments as bed load 
It was assumed that the coarser sediments that deposit in stilling basin during 
the runoff events is the bedload of runoff. In two catchments at Rahna Sadaat, viz., 
Gully-I and Terrace-I, the stilling basins were 3 m wide, 4 m long and 65 cm deep 
at weir and 15 cm deep at upstream (Figure 7). 
In catchments near Thoa Bahadar, viz., Gully-II and Terrace-II, the 
dimensions of stilling basin were slightly adjusted according to the shape of 
channel (Figure 8). 
After the runoff event, clean water from the upper part of the stilling basins 
was manually drained through a drain pipe. Wet bedload trapped in stilling basin 
was collected and weighed. A composite sample of the wet bedload was obtained 
after mixing 6-7 sub-samples collected throughout the stilling basin for analysis. 
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Fig. 7. Schematic diagram of gauging station at catchment outlet at Rahna Sadaat 
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Fig. 8. Runoff and sediment measuring system at catchments, a) sediment basin 
along with water level recorder Gully-I, b) suspended sediment sampling tubes 
Gully-I, c) sediment basin, Gully-II, d) sediment basin with water level recorder, 
Terrace-II 
 
 
 
 
(b) (a) 
(c) (d) 
(a) 
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A portion of sample was dried in the oven at 105 oC for determining the moisture 
contents. The weight of the dry bedload was calculated after deducting the 
moisture contents in the sample. The sample of bedload was taken to laboratory for 
chemical and physical analysis. The samples were air dried and stored in 
refrigerator at 4 oC for analysis. The methodologies described by Brakensiek et al. 
(1979) were followed for this purpose. 
3.3.4.4 Measurement of finer sediments as suspended load 
Sediments that flowed over the weir crest were subsampled in duplicate 
using two vertical pipes of 1.25 cm diameter (Figure 8b). One pipe had holes of 6.0 
mm diameter and the other had 5.0 mm holes at 7.5 cm vertical interval. Sample 
was collected in 20 liters plastic buckets at the downstream face of the weir. Small 
size holes were intended to reduce the sample size to 20 liter during high runoff 
events in order to prevent the overflow of containers. Whereas, large size holes 
were intended to get sufficient runoff volume during low flow events for lab 
investigations. The sample from the over flown bucket was not taken. The buckets 
were covered with plastic sheets. 
The runoff water was shaken vigorously and sub-sample was taken and put in 
an oven at 105 °C to determine sediment concentration according to the procedures 
described by Guy (1969). Another sub-sample was filtered for chemical and 
physical analysis using glass fiber filter AH 932. Samples were stored in 
refrigerator at 4 °C for analysis. Total loss of finer sediments from the catchment 
was obtained by multiplying the sediment concentration in the bucket with the 
runoff volume passing over the weir.  
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3.3.4.5 Calculation of runoff and sediment parameters 
 Total sediment yield of the catchment for a particular event was obtained 
by adding the bedload and suspended sediment yield. Where two runoff events 
occurred so closely that the sediment data collection for individual events was not 
possible, the sediment yield of both events were reported combined as a single 
event which is standard practice. 
3.3.4.6 Nutrient contents of sediments 
Sediment samples (suspended and bedload) collected at the catchment 
outlets were analyzed for nutrient contents. For the smallest runoff events, where 
the suspended sediment sample size was too small to carryout the analysis, these 
suspended samples were mixed to carry out the analysis which is the standard 
practice for analysis of sediments from smaller runoff events. Enrichment ratios of 
sediments for various nutrients were calculated by the method suggested by 
Hashim et al. (1998). 
Nutrient	enrichment	ratio = Concentration	of	nutrient	in	sedimentstopsoil	nutrient	concentration  
 Sediment bound nutrient losses for every event were calculated by 
multiplying the sediment nutrient contents with sediment yield as under. Annual 
sediment bound nutrient losses from each catchment were obtained by adding the 
losses (through bedload and suspended sediments) from all the events during the 
year. 
Nutrient	losses = soil	loss × 	concentration	of	nutrient	in	sediments 
41 
 
 
 
3.4 SOIL LOSS FROM UNDISTURBED AND CULTIVATED SLOPE ON 
TERRACE 
Total of nine runoff plots were built in Dharabi watershed at farmers’ fields 
and used for comparing two land use systems (LS) and two slope angles. Runoff 
plots enabled us to explore whether the decrease in slope accompanied with 
cultivation has resulted in decreasing the soil loss. The LS2 and LS3 were added to 
ascertain whether, the change in soil and water loss is due to decrease in slope or 
due to cultivation. Three runoff plots were established on each of following slopes: 
LS1: Undisturbed slope having natural grasses and shrubs-11.2 per cent 
LS2: Undisturbed slope having natural grasses and shrubs-6.1 per cent 
LS3: Cultivated slope on terrace with existing cropping pattern-5.8 per cent 
3.4.1  Runoff Plot Site Characteristics 
This experiment was carried out at Rahna Sadaat. In Dharabi watershed, the 
experimental site consisted of piedmont hillslope, a part of which had been 
converted to a sloping field terrace about 5 years ago. Runoff plots were 
established on natural slopes and cultivated slope (location of the experiment is 
N=32o 53′ 22.24″, E=72o 42′ 13.32″). Three sets of runoff plots were within a 
distance of about 50 meter from each other on the same plain with the 
experimental slopes facing north-east. These experimental plots were about 200 
meters away from the recording rainguage installed in Rahna Sadaat. Soils were 
alkaline in pH, with sandy loam texture. The soils had low values of extractable 
potassium and available phosphorus because there is no or little fertilizer addition. 
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3.4.2  Layout of Runoff Plots 
The length and width of the plots were 10 meters and 2 meters, 
respectively. A plot length of 10 meter was used because longer length 
automatically converts fields into gullies if not terraced. 
3.4.2.1 Runoff plots at undisturbed natural slopes 
Runoff plots at undisturbed natural slopes comprised of two set of slopes 
(LS1 and LS2). The plots were delimited with bricks and cement which were 15 
cm high above surface on an average (Figure 9). These boundaries were at least 8 
cm deep in the soil in order to stop leakage of water in/out of plot. Runoff was 
collected in drums (200 liters capacity) at the bottom of the slopes. Cemented 
trough was made at the bottom of the slopes to receive the eroded soil which was 
added to the soil loss. Water was led to these drums through a multislot divisor (12 
slots) and a plastic pipe. This design was originally reported by Pinson (2004) and 
later on the detailed field testing was reported by Bonilla et al. (2006). The 
multislot divisor for the present experiment had a combination of plastic bucket 
and galvanized steel sheet crown with silicone gel used for sealing and prevention 
of leakage from the apparatus. The whole system was covered with plastic sheet at 
the farmers’ field. 
3.4.2.2 Runoff plots at cultivated slopes 
There were three runoff plots on cultivated slope (LS3). Boundaries were 
made with plastic boards, which were 15 cm above soil and 8 cm inserted into the 
soil. Joints were fitted tightly together. Runoff water was conducted to the drum 
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Fig. 9. Layout of runoff plots, a) plots, b) multislot divisor with plastic tube leading 
to the drum. 
(a) 
(b) 
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through multislot divisor (procedure mentioned above). The plastic board 
boundaries were removed during cultivation. Farmer practice cropping pattern was 
adapted at cultivated slope viz. Taramira (Eruca sativa) during winter and fallow 
during summer without fertilizer addition. Soil and water loss data were collected 
from January 2010 to December 2011. 
3.4.3 Rainfall, Runoff and Sediment Data Collection 
Rainfall data were recorded at Rahna Sadaat rainguage. Total runoff was 
measured by dipping the meter rod in the runoff drum and reading the level. The 
runoff volume in the drum was calculated as under: 
R = V୫ + (12 × Vୢ ) 
Where, R is total runoff volume (m3) of event, Vm is volume of multislot divisor 
bucket, Vd is the volume of runoff in drum, and 12 is the number of slots in 
divisor. 
Total sediments mass for each runoff event was calculated as under:  
S = (V୫ × Cଵ) + (12 × Vୢ × Cଶ) 
Where, S is the total sediment in kg, C1 and C2 are total concentration of solids in 
multislot divisor and drum respectively. The same formula was used for 
calculating the yield of organic matter and clay in sediments. 
To measure sediment yield and analysis, samples were collected in 10 L plastic 
cans from drums and 1.5 L bottles from the bucket. Before taking sample, the 
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multislot divisor bucket was stirred so that the coarser sediments deposited on 
trough were resuspended. Samples were brought to the lab and analyzed as 
described in Section 3.5. However, the quantity of sediments obtained was very 
small for smaller events. Therefore, sediments from some smaller events had to be 
mixed to get enough weight of sediment for analysis. Data of vegetation cover 
were recorded through line transect method. 
3.5 SOIL AND SEDIMENT ANALYSIS 
Soil and sediment samples were analyzed with the same methods unless 
and otherwise mentioned. 
3.5.1 Electrical Conductivity 
Distilled water was used to prepare saturated soil paste in a beaker. Soil 
paste was kept for half an hour for equilibration. Extract was taken with the help of 
vacuum pump. Electrical conductivity (EC) meter was used to measure, the 
conductance of saturated soil paste extract through dipping the electrode in the 
extract (Richards, 1954). 
3.5.2 pHs 
Distilled water was used to prepare saturated soil paste and the paste was 
allowed to stand for 30 minutes. Two buffer solutions of pH 4.0 and pH 9.0 were 
used to standardize pH  meter. After standardization, the soil paste was taken in 
beaker, electrode of pH meter was inserted into the paste and pH reading was 
recorded (Richards, 1954). 
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3.5.3 Extractable Phosphorus 
The extraction was made with 100 mL of 0.5 M NaHCO3 solution after 
weighing 5 g of soil in Erlenmeyer flask and shaking the solution for half an hour. 
Five milliliter of filtrate was taken in 25 mL volumetric flask and mixed with 5 mL 
of 5 N H2SO4. Water was added to make total volume to 20 mL. In order to 
develop color, 4 mL ascorbic acid solution was added. Transmittance was 
measured at 880 nm with spectrophotometer (Olsen and Sommers, 1982) 
3.5.4 Extractable Potassium 
In centrifuge tube, 10 g of soil was taken and 25 mL of 1N NH4OAC was 
added with shaking for ten minutes. After centrifugation, supernatant was decanted 
into a 100 mL volumetric flask. Extraction was made thrice and the extract was 
diluted to 100 mL. Readings were taken with flame photometer as described by 
Jackson (1958). 
3.5.5 Calcium Carbonate 
In 250 mL flask, 1 g of soil was taken and 10 mL HCl (1N) was added. The 
flask was heated up to 60 °C and cooled down. Deionized water (50 mL) and 
phenolphthalein (2-3 drops) was used as indicator. The solution was titrated with 
NaOH (1N) untill the development of faint pink color. By using the formula 
suggested by Ryan et al. (2001). The percentage of carbonate was calculated 
through the following equation:  
CaCOଷ(%) = {(10 × Nୌେ୪) − (R × N୒ୟ୓ୌ)} × 0.05 × 100 ÷ weight	of	soil 
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Where, N HCl = normality of HCl, R = volume of NaOH and N NaOH = normality of 
NaOH 
3.5.6 Particle Size Analysis 
Soil or sediments were dispersed using sodium hexametaphosphate over 
night. Removal of organic matter was done with addition of hydrogen per oxide. 
After thorough dispersion in Bouyoucus cup, the suspension was transferred to 
1000 mL cylinder. Particle size was determined using Bouyoucus Hydrometer at 
different intervals (Gee and Bauder, 1986). 
3.5.7 Organic Carbon 
Two gram of soil or sediment was taken in a 500 mL Erlenmeyer flask. Ten 
ml of 1 N K2Cr2O7 was added to it. Flask was swirled to mix the contents. Twenty 
milliliter of conc. H2SO4 was added to soil suspension. Flask was swirled again for 
one minute and allowed to stand for 30 minutes. After this, 200 mL of water, 10 
mL of H3PO4 and 1 mL of diphenylamine indicator were added. The contents were 
titrated against 0.5 N ferrous sulphate solution until the change of color from blue 
to red (Nelson and Sommers, 1996). 
3.5.8  Total Nitrogen 
Soils and sediments were digested in sulfuric acid-hydrogen peroxide-
lithium sulphate-selenium powder mixture. Distillation of digested sub-sample was 
carried out using Velp system into receiver flask containing standard H2SO4. It was 
back titrated with standard NaOH (Anderson and Ingram, 1993). 
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3.6 STATISTICAL ANALYSIS 
Experimental data were analyzed using regression, correlation and other 
statistical methods through appropriate softwares. Statistica v5.5 was used to test 
rainfall, runoff and sediments data for normality and derive prediction equations 
for various parameters. Non parametric tests of Kruskal-Wallis test and Mann-
Whitney U test were used for statistical analysis of soil characteristics data and 
runoff plot data using SPSS software. Reduced major axis (RMA) was used instead 
of ordinary least squares to prepare a line of best fit for a bivariate relationship 
between sediment yields from gully and terraced land use systems where sediment 
yield of gully system represented on the X-axis was also measured with error. 
Reduced major axis regression was used to develop relationship. Slope m was 
calculated using the formula: 
 
 
 
 
 
 
Where, y and x are the annual sediment yields of terraced and gully systems 
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Chapter 4 
RESULTS AND DISCUSSION 
4.1 SOIL CHARACTERISTICS OF CATCHMENT STUDY AREA 
Statistical analysis of data regarding various soil characteristics revealed 
that values were not normally distributed. Therefore, non parameteric test, viz., 
Kruskal-Wallis was applied to test significant difference among each parameter 
values. Median values for soil characteristics of dominant landscape position for 
Thoa Bahadar and Rahna Sadaat catchments are presented in Tables 4 and 5, 
respectively. 
At Thoa Bahadar, ECe of soil varied significantly (P<0.09) at various 
landscape positions, although at all positions it was in safe limit (<4.0 dS m⁻1). 
Median ECe was highest (1.60 dS m⁻1) in cultivated bed followed by foot slope 
(1.50 dS m⁻1). Both these positions were usually cropped or had vegetative cover. 
Abandoned terrace had the lowest soluble salts (1.20 dS m⁻1) which were 
obviously due to less vegetative cover and rapid movement of surface runoff 
resulting in removal of salts. The pH was significantly different at various slope 
positions and ranked lowest being in cultivated bed. Organic carbon had lowest 
ranks (P<0.16) in abandoned terrace and midslope which obviously have lowest 
vegetation cover. The differences in available phosphorus were not significant 
(P=0.81). Extractable potassium was significantly different at various positions 
having highest ranks in abandoned terrace and upper slope. Both of these positions 
were lowest in vegetative cover so potassium has not been removed through plant 
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Table 4: Mean ranks of soil properties using Kruskal-Wallis test at different 
landscape positions, Thoa Bahadar 
Landscape 
position / 
Soil 
properties 
Median 
/ Mean 
rank 
AT CB FS MS CC US Kruskal 
Wallis 
test 
statistic 
P-
Value 
N    3 7 5 7 13  14     
ECe 
(dS m⁻1) 
Median 1.20 1.60 1.50 1.40 1.45 1.40     
Rank 7 35 25 30 22 24 9.49 0.09 
pH Median 8.20 7.90 8.10 8.10 7.95 8.00     
Rank 45 14 25 36 28 18 18.89 0.01 
O.C. 
 (%) 
Median 0.29 0.41 0.41 0.41 0.41 0.49     
Rank 6 27 30 20 26 28 8.01 0.16 
Av P 
 (mg kg⁻1) 
Median 2.4 2.8 2.2 2.8 2.2 2.5     
Rank 23 28 26 18 27 25 2.3 0.81 
Ex K 
 (mg kg⁻1) 
Median 126 111 75 96 129 98     
Rank 29 34 25 9 23 30 13.99 0.02 
T.N. 
 (mg kg⁻1) 
Median 430 320 300 290 310 300     
Rank 28 33 39 13 21 25 12.24 0.03 
ECe = Electrical conductivity, O.C. = Organic carbon, Av P = Available 
phosphorus, Ex K = Extractable potash, T.N. = Total nitrogen 
AT = Abandoned terrace, CB = Cultivated bed, FS = Footslope, MS = Midslope, 
CC = Cultivated catchment, US = Upper slope 
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Table 5: Mean ranks of soil properties using Kruskal-Wallis test at different 
landscape positions, Rahna Sadaat 
Landscape 
position / 
Soil 
properties 
Median / 
Mean rank 
CGB FS GB MS US Kruskal 
Wallis 
test 
statistic 
P-
Value 
N    5 14 5 17 11     
ECe 
(dS m⁻1) 
Median 1.2 1.3 1.6 1.4 1.8 11.1 0.03 
Rank 21 21 16 29 37     
pH Median 7.90 7.90 7.90 7.90 7.90 8.1 0.09 
Rank 43 25 27 25 22     
O.C. 
(%) 
Median 0.41 0.43 0.49 0.45 0.41 1.9 0.76 
Rank 25 22 27 29 29     
Av P 
(mg kg⁻1) 
Median 3.60 2.05 1.30 1.45 2.50 30.1 0.01 
Rank 9 18 14 33 42     
Av K 
(mg kg⁻1) 
Median 66 93 86 59 69 9.6 0.04 
Rank 33 28 7  29 27     
T.N. 
(mg kg⁻1) 
Median 250 280 390 270 280 2.4 0.66 
Rank 26 27 17 28 28    
 
ECe=Electrical conductivity, O.C.=Organic carbon, Av P=Available phosphorus, 
Ex K=Extractable potash, T.N.=Total nitrogen 
CGB=Cultivated gully bed, FS=Footslope, GB=Gully bed, MS=Midslope, 
US=Upperslope 
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 uptake at these positions. Total nitrogen had the highest ranks at cultivated bed 
and footslope. Both these had comparatively higher vegetative cover. The higher 
contents at these positions can be attributed to grazing on these landscape 
positions. Indeed, the dung and urine of grazing livestock are rich sources of 
nitrogen (Heathwaite et al., 1993 and Whitehead, 1995) and are mixed into the 
surface soil. Further, the grass leaf and root residues would have contributed to soil 
organic matter with ultimately higher N content. 
At Rahna Sadaat, gully bed had the lowest rank of salt contents due to 
removal of salts by concentrated flow of runoff water. The highest median salt 
content (1.8 dS m⁻1) was at upper slope portion where calcium carbonate 
concretions were present which increase salt contents upon dissolution. Though 
median pH was similar (around 7.9) at all position, however, its ranks were lowest 
at upper slope at P=0.09. Organic carbon contents were similar (P=0.76) at all 
landscape positions. Available phosphorus ranks were lowest (P=0.01) in 
cultivated gully bed and uncultivated gully bed (median 3.60 and 1.30 mg kg⁻1, 
respectively), and highest in upper slope and mid slope. The possibility is that 
available P was lower due to removal by vegetative cover which is utilized as 
fodder or fuel purposes occasionally; whereas, the positions, where vegetation 
cover was lower, the available phosphorus was higher. Extractable potash had the 
lowest rank in gully bed (P=0.04), which was due to coarser particles present in 
gully bed as the finer particles are transported downstream. Median value of 
available potassium was 86 mg kg⁻1 in gully bed. Median values of total soil 
nitrogen contents ranged between 250 and 390 mg kg⁻1 at various landscape 
positions. However, rank test showed the differences as non significant (P=0.66). 
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4.2 LAND USE AND VEGETATION COVER 
In the past, the lower portion of Dharabi watershed (where catchments are 
located) was a scrub forest. However, due to continuous removal of trees for wood 
and timber, the tree cover has decreased considerably and grass/bush cover is now 
dominant. On all four catchments, the grass cover becomes minimum at the end of 
winter and it starts to grow gradually but slowly with the onset of spring. In March, 
farmers send their livestock for grazing which reduces growth rate of grasses on 
catchment slopes and bed. During April to June, the growth rate remains low due 
to high temperatures, lower rainfall and high evapotranspiration rates. However, at 
the start of monsoon season (beginning of July), the soils have sufficient moisture 
to trigger the growth of grasses and shrubs. During winter, these grasses are cut 
and either fed to the cattle after mixing with fodder or used for preparation of 
various products for home consumption. Wheat is sown in October and harvested 
in April. Brassica and taramira is sown in October and harvested in March. 
Sorghum or millet is sown at onset of monsoon and harvested as fodder in the 
beginning of winter (Table 6, Figure 10). 
 The vegetation cover was lower at the start of the study in year 2009 due to 
lower rainfall during that year (544 mm). However, during summer 2010, rainfall 
(724 mm) was above its average in the Dharabi watershed which increased 
summer vegetation cover considerably (Table 7). In 2011, the vegetative cover also 
remained comparatively high due to the establishment of species during 2010. In 
March and April, the vegetative cover starts increasing but it grows faster at the 
onset of monsoon in late June or July. 
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Table 6: Land use in studied catchments 
 
Year Catchment  Land use 
  Rabi Kharif 
2009 Gully-I Natural vegetation Natural vegetation 
 Terrace-I Fallow Sorghum-millet fodder mix  
 Gully-II Natural vegetation cover, 
Grass cover dominant along 
with bush & few trees 
Natural vegetation cover, 
grass cover dominant along 
with bush & few trees 
 Terrace-II Wheat 60 per cent, fallow 40 
per cent 
Natural vegetative cover on 
gully slopes, terraces fallow 
during summer 
2010 Gully-I Natural vegetation Natural vegetation 
 Terrace-I Fallow Sorghum-millet fodder mix 
 Gully-II Natural vegetation cover, 
Grass cover dominant along 
with bush & few trees  
Natural vegetation cover, 
Grass cover dominant along 
with bush & few trees 
 Terrace-II Wheat 60 per cent, fallow 40 
per cent 
Natural vegetative cover on 
gully slopes, sorghum-
millet on terraces (70 per 
cent) during summer 
2011 Gully-I Natural vegetation Natural vegetation 
 Terrace-I Fallow Sorghum-millet fodder mix 
 Gully-II Natural vegetation cover, 
Grass cover dominant along 
with bush & few trees  
Natural vegetation cover, 
Grass cover dominant along 
with bush & few trees 
 Terrace-II Wheat 60 per cent, fallow 40 
per cent 
Natural vegetative cover on 
gully slopes, terraces fallow 
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Fig. 10. Land use in studied catchments, a) Wheat crop in Terrace-II during winter 
2008-09, b) Sorghum‒millet mix fodder visible in Terrace-II (summer 2010), c)  
Sorghum‒millet mix fodder visible at Terrace-I (summer 2010), and d) Natural 
vegetation at gully slopes of Gully-I dated 30-9-2010 
 
 
 
 
 
 
 
 
(a) (b) 
(c) (d) 
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Table 7: Vegetation cover (per cent) of studied catchments 
 
Catchment  Winter 
2008-09 
Summer 
2009 
Winter 
2009-10 
Summer 
2010 
Winter 
2010-11 
Summer 
2011 
Gully-I 28.2 43.1 33.1 76.1 48.3 62.7 
Terrace-I 26.1 39.2 29.6 69.6 38.4 53.3 
Gully-II 22.7 32.5 25.1 58.6  32.2 47.3 
Terrace-II 21.8 33.5 24.3 58.1  30.9 43.5 
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4.3  METEOROLOGICAL ATTRIBUTES OF STUDY AREA 
Following discussion provides the comparison of weather conditions during 
study period (2009-11) with last 12 years. Twelve years (2000-11) data of 
meteorological observatory of SAWCRI indicate that May to August were the 
hottest months with average temperature ranging between 33.0 and 37.5 °C (Table 
1). June was the hottest month with highest mean maximum temperature of 37.5 
°C, pan evaporation of 7.94 mm day⁻1 and solar radiation of 23.63 MJ m⁻2 day⁻1. 
4.3.1  Temperature and Related Parameters 
Meteorological data of two locations, viz., SAWCRI Chakwal and Dhoke 
Ratta during the study period are presented in Tables 8 and 9. April to September 
had the highest soil and air temperature, wind velocity, solar radiation and 
photosynthetically active radiation (PAR). During the years of study, viz., 2009 to 
2011, the mean maximum temperature during the months from May to August 
ranged between 33.6 and 37.0 oC as observed at SAWCRI, Chakwal. Pan 
evaporation ranged between 3.91 and 8.44 mm day⁻1 during these months. Year-
wise details are presented in Table 8. At Dhoke Ratta, May to July had the highest 
24 h average air temperature, solar radiation and soil temperature (Table 9). Wind 
velocity was also higher during June to August when monsoon rainfalls occur 
usually with high wind velocity. Iqbal et al. (2012) have already reported some of 
the weather data of same study area. Three year average data of various weather 
parameters as discussed above correspond to the 12 year average data as recorded 
from the same observatory. It indicates that there has been no major variation in 
the weather, during the study period. 
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Table 8: Meteorological data recorded at SAWCRI Chakwal (2009-2011) on 
monthly and yearly basis 
 
a) Monthly 
 
Month Rainfall Mean 
minimum 
temperature 
Mean 
maximum 
temperature 
Pan 
evaporation 
Solar 
radiation 
(Rs)* 
 mm ----------------°C------------- mm day⁻1 MJ m⁻2 day⁻1 
January 15 1.2 17.4 1.29 11.4 
February 61 5.6 18.0 1.26 12.5 
March 27 11.2 26.4 2.73 17.0 
April 45 14.1 30.8 4.99 21.8 
May 44 19.6 37.0 7.27 25.1 
June 35 22.7 38.5 8.44 24.6 
July 187 23.4 35.1 5.59 23.9 
August 171 23.7 33.6 3.91 20.8 
September 44 20.4 32.6 4.67 20.0 
October 14 14.1 31.3 3.86 17.0 
November 7 7.7 24.5 1.89 13.3 
December 4 1.3 19.0 1.35 11.4 
Total  652 - - - - 
Average - 13.7 28.68 3.94 18.2 
 
 
b) Yearly 
Year Total 
rainfall 
Mean 
minimum 
temperature  
Mean 
maximum 
temperature  
Mean 
relative 
humidity  
Mean 
monthly pan 
evaporation 
Mean 
monthly 
sunshine 
 mm -----------oC-------------- % mm h 
2009 544 12.74 29.40 65.36 138 248 
2010 724 14.04 29.01 61.37 113 246 
2011 686 08.69 24.72 64.21 109 253 
Mean  652 11.82 27.71 63.65 120 249 
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Table 9: Meteorological data recorded with weather station at Dhoke Ratta during 
2010-2011 
Month Average 
solar 
radiation 
Wind 
speed 
24 hours’ 
average air 
temp. 
Relative 
humidity   
PAR* Soil 
temp 
W-m⁻² m s⁻1 °C % uE °C 
January 129 0.43 11.5 53.4 234 11.8 
February 120 0.66 12.8 68.4 220 13.0 
March 199 0.67 20.9 53.1 369 21.2 
April 233 0.66 25.1 43.3 425 25.3 
May 256 0.94 30.8 36.7 463 30.9 
June 255 1.21 31.6 47.4 455 31.6 
July 214 1.01 29.4 71.9 390 29.5 
August 186 1.34 27.8 82.8 340 28.0 
September 195 0.97 26.7 73.2 354 27.0 
October 172 0.84 23.9 56.6 307 24.3 
November 140 0.36 18.2 53.0 246 18.6 
December 117 0.29 12.1 45.7 197 12.5 
Average 185 0.78 22.6 57.1 333 22.8 
*Photosynthetically active radiation 
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4.3.2  Monthly Rainfall 
  Monthly rainfall data of study period (2009-11) are presented in Table 8a. 
It indicated that 67 per cent of total rainfall occurred in four months, viz., June, 
July, August and September, of which 5 per cent occurred in June, 29 per cent in 
July, 26 per cent in August and 7 per cent in September. This implies that soil 
erosion is more likely to occur during these monsoon months. Therefore, soil 
management and cropping practices need to be developed and recommended 
accordingly.  
4.3.3  Long Term Rainfall Analysis 
Annual rainfall of 547, 725 and 686 mm was observed during 2009, 2010 
and 2011, respectively. Basic statistics of 35 years’ monthly rainfall data of 
SAWCRI during 1977-2011 are presented in Figure 11. Detailed long term data are 
presented in Appendix I. Rainfall and other data of SAWCRI and Dhoke Ratta are 
also presented in Appendices II to IV. Analysis was carried out to calculate the 
probability of exceedance of rainfall during the study years. Data revealed annual 
average rainfall of 633 mm of which 63 per cent was received during the months of 
June to September. 
Extreme value (EV) distributions are widely used in analysis of 
hydrological data. Flood frequency analyses are based on these EV distributions in 
UK (Stewart et al., 2008). Extreme Value Type I (EV-I) distribution is used for 
modeling the storm rainfalls (Chow, 1953; Tomlinson, 1980), and drought flows 
are usually modeled by the Weibull distribution (EV-III) (Gumbel, 1954, 1963). 
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Parameter Value for parameter 
Mean 634 
Median 640 
Mode 484 
Standard deviation 200 
Skewness 0.434 
Range 225-1241 
 
 
Fig. 11. Mean monthly rainfall and its descriptive statistics recorded at SAWCRI, 
Chakwal (1977-2011) 
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Gringorten formula is known to be the most appropriate plotting position method 
for application with Gumbel distribution (Cunnane, 1978; Onni et al., 2007). 
Gumbel distribution was used to model 35 years rainfall data and Weibull and 
Gringorten plotting position methods were compared by plotting Gumbel reduced 
variate (Yi) against the annual rainfall (Figure 12). Where Yi = -ln(-ln(1-Pi)) and 
Pi is the probability of ith data point using respective plotting position method. 
Plotting position formula  
Weibull (1939) r/(n+1) x 100 
Gringorten (1963) (r-0.44)/(n+0.12) x100 
Where, r is the rank of the ordered data, and n is the number of observations. 
Gumbel distribution of rainfall is presented in Figure 12. Similar R2 values 
(viz. 0.95) for linear relationship indicate that both Gringorten and Weibull plotting 
position methods were equally good for application with Gumbel distribution. 
Application of Gumbel distribution (with Gringorten formula) showed that the 
probability of exceeding the total annual rainfall of 547, 725 and 686 mm observed 
during the years 2009, 2010 and 2011 was 0.67, 0.30 and 0.44, respectively 
(Appendix V).   
4.3.4  Rainfall Size 
To study runoff and sediment transport, rainfall analysis is usually carried 
out on event basis rather than daily or monthly basis, and rainfall intensity and 
duration are the most important phenomena. Frequency analysis of rainfall size and 
intensity is presented in Table 10. Total number of rainfall events during the study 
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Fig. 12. Gumbel distribution of annual rainfall (n=35) using a) Weibull, and b) 
Gringorten plotting position method 
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Table 10: Frequency analysis (annual average rainfall 2009-2011) on the basis of 
a) rainfall size b) rainfall intensity  
a) 
Site Event size (mm) 
 1-10 10-20 20-30 >30 
Rahna Sadaat     
No of events 43 8 5 5 
% of total 71 13 8 9 
mm in class 167 107 111 222 
% of total 28 18 18 37 
Thoa Bahadar     
No of events 40 9 4 6 
% of total 68 16 6 10 
mm in class 152 148 84 247 
% of total 24 23 13 39 
 
b) 
 Rainfall intensity I30 (mm h⁻1) 
Site <10 10-20 20-30 >30-40 >40 Max value 
Rahna Sadaat       
No of events 53 10 4 3 6 89 
% of total 70 14 5 4 8  
Thoa Bahadar       
No of events 54 9 5 3 7 108 
% of total 69 12 6 4 9  
 
* I30 (mm h⁻1) is the maximum rainfall of any consecutive 30 minutes  
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 period in Rahna Sadaat and Thoa Bahadar were 228 and 235, respectively (Table 
11) out of which 183 and 176 were greater than 1 mm. Breakup of the events 
showed that on overall basis at both sites, 30.7 per cent of rain events were greater 
than 10 mm size. A 37.9 per cent rainfall was received with events of greater than 
30 mm size during three years at both sites. 
While working in Southern Africa, Hudson (1981) regarded a rainfall of 
higher than 25 mm in less than hour as erosive. He opined that temperate and 
tropical areas have 95 and 60 per cent of intensity rates less than 25 mm h⁻1. 
Romero (2005) worked in Andean highlands of Peru and classified about 85 per 
cent of rainfall events in < 10 mm with 51 per cent of entire rainfall; events >20 
mm were 53 per cent of total number of events but contributed 18 per cent of total 
rainfall. However, the approaches and apparatus used to define rain events 
significantly affected the reported mean rain rates and consequently number of 
rainfall events as discussed by Bracken et al. (2008), Cattan et al. (2006), 
Dunkerley (2008) and others. Dunkerley (2008) has compiled the data of various 
authors who used different rainless intervals i.e. ranging from 3 minutes to 90 
minutes (Vilar and Burgueno, 1995; Cattan et al., 2006; Cosgrove and Garstang, 
1995; Chahinian et al., 2005). 
4.3.5  Rainfall Intensity 
The median rainfall intensity (I30 mm h⁻1) at Rahna Sadaat and Thoa 
Bahadar was 5.08 and 4.54 with total rainfall events of 228 and 213, respectively 
(Table 11a). However, 8 and 9 per cent of rainfall events had intensity greater than 
40 mm h⁻1 at Rahna Sadaat and Thoa Bahadar sites, respectively (Tables 10b). 
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Table 11: Descriptive statistics of rainfall events during 2009-2011, a) I30 
maximum rainfall intensity (mm h⁻1) of rainfall events b) storm duration of all 
event) c) storm duration of events >1 mm 
a) 
Site n Average 
---------- 
Median 
mm h⁻1 
Maximum 
------------- 
Rahna Sadaat 228 11.6 5.08 891 
Thoa Bahadar 235 12.2 4.54 108 
 
 
 
 
b) 
 Site n Average 
----------- 
Median 
minutes  
Maximum  
------------ 
Rahna Sadaat 228 65 40 694 
Thoa Bahadar 235 64 40 760 
 
 
c) 
Site n Average 
---------- 
Median 
minutes 
Maximum 
------------- 
Rahna Sadaat 183 79 50 694 
Thoa Bahadar 176 81 58 760 
 
n = number of rainfall events 
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Highest values of rainfall intensities (I30) observed at Rahna Sadaat and Thoa 
Bahadar sites were 89 and 108 mm h⁻1 respectively. Similar or higher values of I30 
(mm h⁻1) have been reported by various researchers for example 170 mm h⁻1 by 
Ramos et al. (2004) in North East Spain, 33.5 mm h⁻1 by McEwen and Werritty 
(1988) in Scotland, 56.4 mm h⁻1 by Valmis et al. (2005) in Greece (with 55 per 
cent of values less than 10 mm h⁻1) from 31 events, 42.8 mm h⁻1 by Vigiak et al. 
(2006) in Tanzania (Africa) and 24 mm h⁻1 by Haga et al. (2005) from 13 events. 
According to FAO, studies conducted in Saudi Arabia, FAO (2013) suggested that 
rainfall intensity of >50 per cent rain storms may be above 20 mm h⁻1 and of 20-30 
per cent storms may be above 40 mm h⁻1. 
4.3.6  Storm Duration 
Median rainfall duration was 40 minutes at both the sites (Rahna Sadaat 
and Thoa Bahadar) (Table 11b). In Mediterranean climate of Spain, Wit (2001) 
also found the median storm duration of about 45 minutes. Scoging (1989) found 
that 80 per cent of the rainfall events had less than 30 minutes duration in southern 
Spain. 
4.4 RUNOFF AND SEDIMENT YIELD 
4.4.1 Characteristics of Runoff Events 
Characteristics of rainfall events and related surface runoff and sediment 
yield data are presented in Tables 12 and 13. Values of some of the parameters of 
rainfall, surface runoff and related sediment yield were not normally distributed. 
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Table 12: Characteristics of runoff events at Rahna Sadaat in Dharabi watershed 
during 2009-2011 
 
Characteristics Range Geometric mean 
 Gully-I Terrace-I Gully-I Terrace-I 
Rainfall (mm) 9-65 9-65 26 29 
Maximum rainfall intensity 
(I30) (mm h⁻1) 
11-89 11-89 39 43 
Rainfall energy (MJ ha⁻1) 2.28-18.50 2.28-18.50 6.71 7.85 
Rainfall duration (minutes) 22-830 22-830 83 97 
Peak  runoff rate (mm h⁻1) 0.47-79.1 1.73-61.6 9.0 10.9 
Runoff depth (mm) 0.1-31.5 0.5-18.6 2.4 3.9 
Runoff coefficient 0.01-0.57 0.01-0.56 0.09 0.09 
Coarser sediments Yield 
(kg ha⁻1) 
1.2-993 0.1-449 22.8 10.3 
Suspended sediment 
concentration (g L⁻1) 
0.88-11.22 0.58-8.22 2.33 1.48 
Finer sediments yield 
(kg ha⁻1) 
1.7-3509 0-1461 67.5 72.2 
Total sediment yield (kg ha⁻1) 1-3661 2-1483 68 47 
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Table 13: Characteristics of runoff events at Thoa Bahadar in Dharabi Watershed 
during 2009-2011 
 
Characteristics Range Geometric Mean 
 Gully-II Terrace-II Gully-II Terrace-II 
Rainfall (mm) 5-83 5-83 25 25 
Maximum rainfall intensity 
(I30) (mm h⁻1) 
10-108 10-108 35 36 
Rainfall energy (MJ ha⁻1) 1.2-22.8 1.2-22.8 6.6 6.6 
Rainfall duration (Minutes) 22-220 22-220 66 66 
Peak  runoff rate (mm h⁻1) 0.39-68.5 0.25-42.4 10.1 4.4 
Runoff depth (mm) 0.4-27.3 0.1-12.8 3.3 1.1 
Runoff coefficient 0.03-0.39 0-0.23 0.13 0.05 
Coarser sediments yield 
(kg ha⁻1) 
6.8-914 2.4-432 93.4 25.4 
Suspended sediment 
concentration (g L⁻1) 
0.73-14.09 0.83-10.50 4.64 3.43 
Finer sediment yield 
(kg ha⁻1) 
0-2905 0.6-1314 173 45 
Total sediment yield 
(kg ha⁻1) 
7.5-3795 4.7-1745 249 56 
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Normality of distribution was checked using probability-probability plots using 
Statistica v5.5. This function also shows graphical representation after conversion 
of data to other distributions like lognormal, exponential, gamma, beta, extreme 
value etc. If the data points fall on the diagonal line, then theoretical cumulative 
distribution approximates the observed distribution well. Data was checked for 
normality using all distributions. However, lognormal transformation provided the 
best results. Therefore, geometric means, instead of arithmetic means, are 
presented in the Tables. At Rahna Sadaat, the minimum and maximum size of 
events during the study period that produced runoff were 9.38 and 68.3 mm, 
respectively with geometric mean of 25.9 mm. It was observed that events of 
greater than 10 mm size in half an hour produced sufficient runoff during summer 
to reach the catchment outlet. This was in agreement to Polyakov et al. (2010) who 
concluded that 10 mm of rainall should be received within 30 minutes to initiate 
runoff in semi-arid watersheds of Southern Arizona. 
Sediment yield values for the higher rainfall events were lower from 
terraced catchment as compared to gully catchment at both sites. Runoff related 
parameter values were also lower for terrace catchment which indicated that 
rainfall events with higher intensity/energy caused lower runoff from terrace 
catchments as compared to gully catchments showing the superiority of terraced 
system as compared to gully system.    
4.4.2 Main Runoff Events 
During the study period (2009-11), at Rahna Sadaat (Site-I), the highest 
value of rainfall intensity (I30) of an event at Gully-I was 89.4 mm h⁻1 received on 
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May 07, 2010 with 60.5 mm of total rainfall (Table 14). The rainfall energy of this 
event was 14.5 MJ ha⁻1. Total sediment yield with this event from Gully-I was 
2.13 Mg ha⁻1 having peak runoff rate of 79 mm h⁻1 (runoff coefficient = 0.48) and 
runoff depth (24.8 mm). Another event of almost similar magnitude receiving 60 
mm of rainfall with I30 of 85.8 mm h⁻1 resulted in higher sediment yield of 3.66 
Mg ha⁻1 on July 20, 2010 because of higher runoff depth of 31.5 mm (runoff 
coefficient = 0.53). The higher runoff depth of this event, as compared to that of 
May 07, 2010, was due to the relatively wetter conditions of the gully catchment 
with antecedent rainfall of 3.5 mm. At terraced catchment, the same events (60.45 
mm on May 7, 2010) produced lower runoff (18.61 mm) and sediment yield (0.16 
Mg ha⁻1). 
At Thoa Bahadar (Site-II), four runoff events individually produced > 2.0 
Mg ha⁻1 of sediment yield during three years at Gully-I (Table 15). The highest 
sediment yield event occurred on July 29, 2009 with rainfall of 55.6 mm with 
rainfall intensity (I30) of 108 mm h⁻1. It exhibited a peak discharge of 64.8 mm h⁻1 
with runoff depth 16.2 mm with total sediment yield of 3.79 Mg ha⁻1, which was 
45 per cent of the total annual sediment yield of the catchment. A similar event 
(54.9 mm) was observed on July 20, 2010. Despite higher runoff depth of 21 mm, 
it gave almost similar sediment yield of 3.67 Mg ha⁻1 probability due to higher 
vegetative cover (59 per cent) during 2010 summer. The same event was able to 
produce only 1.75 Mg ha⁻1 of sediment yield with a runoff volume 12.8 mm from 
the terraced catchment. Lower runoff and sediment yield from terraced catchment 
was due to the change in land use system from gully to terracing. 
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Table 14: Main runoff events received at Rahna Sadaat a) Gully-I b) Terrace-I 
a) 
Rainfall date Rainfall  Rainfall 
duration 
Maximum 
rainfall 
intensity I30  
Peak  
runoff rate  
Runoff 
depth  
Sediment 
yield  
 
mm minutes mm h⁻1 mm h⁻1 mm Mg ha⁻1 
08-04-2009 68 830 81.3 68.0 26.6 1.44 
07-05-2010 61 322 89.4 78.8 24.8 2.13 
20-07-2010 60 88 85.9 78.5 31.5 3.66 
29-07-2010 122 186 64.1 28.3 25.9 0.71 
01-07-2011 31 112 56.4 21.6 6.67 0.45 
 
 
 
b) 
Rainfall date Rainfall  Rainfall 
duration 
Maximum 
rainfall 
intensity I30  
Peak  runoff 
rate  
Runoff 
depth  
Sediment 
yield  
 
mm minutes mm h⁻1 mm h⁻1 mm Mg ha⁻1 
07-05-2010 61 322 89.4 61.6 18.6 0.16 
20-07-2010 60 88 85.9 58.3 18.3 1.48 
29-07-2010  122 186 64.1 29.6 18.4 0.57 
24-08-2010 50 278 40.1 21.4 16.9 0.18 
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Table 15: Main runoff events received at Thoa Bahadar a) Gully-II b) Terrace-II 
a) 
 
b) 
 
Rainfall 
date 
Rainfall  Rainfall 
duration 
Maximum 
rainfall 
intensity I30  
Peak  
runoff rate  
Runoff 
depth  
Sediment 
yield  
 
mm minutes mm h⁻1 mm h⁻1 mm Mg ha⁻1 
22-07-2009  21 54 32.5 35.7 10.8 1.79 
29-07-2009 56 40 108.2 64.8 16.2 3.79 
02-09-2009 25 106 52.9 34.1 9.5 1.87 
07-05-2010 40 102 45.2 43.2 12.6 1.22 
20-07-2010 55 72 42.4 68.5 21.2 3.67 
21-07-2010 36 64 23.4 22.2 10.3 1.69 
29-07-2010 98 160 55.4 19.5  7.4 2.27 
25-07-2011 33 110 42.2 17.9 7.9 1.15 
12-08-2011 83 220 84.8 48.9 27.3 2.34 
Rainfall 
date 
Rainfall  Rainfall 
duration 
Maximum 
rainfall 
intensity 
I30  
Peak  runoff 
rate  
Runoff 
depth  
Sediment 
yield  
 
mm minutes mm h⁻1 mm h⁻1 mm Mg ha⁻1 
08-02-2010 44 184 45.2 10.7 2.05 0.32 
20-07-2010 55 72 42.4 33.8 12.8 1.75 
21-07-2010 36 64 23.4 9.8 4.95 0.44 
29-07-2010  98 160  55.4 11.1 4.57 0.55 
12-08-2011 83 220 84.8 19.2 10.4 0.80 
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In catchment studies, the phenomenon of major soil loss with a few main 
events has been frequently reported. Polyakov et al. (2010) reported that more than 
half of the total sediment yield was from top 10 per cent sediment producing 
events in southern semiarid Arizona. Sediment yield showed a wide range from 
0.85 to 6.69 Mg ha−1 yr−1 with average of 2.4 Mg ha⁻1 yr⁻1. Navar and Synnott 
(2000) also reported that three main rainfall events produced more than half of the 
water and soil loss from agricultural lands. May is the hotter summer month before 
the start of monsoon, so the vegetative cover is thinner. Any event of similar 
magnitude received during this period is likely to cause more soil erosion and 
produce higher sediment yield as compared to monsoon period. Vegetative cover 
on gully floor/bed in gully catchments was also lower which might have resulted in 
comparatively high sediment delivery ratios if any major rainfall event is received 
during winter or premonsoon months of May and June. 
4.4.3  Relationship among Rainfall, Runoff and Sediment Variables 
Pearson correlation matrix was generated for each catchment (Appendices 
VII to IX) to identify the factors that can explain the hydrological and 
sedimentological response of the catchments. Event wise data of rainfall, runoff 
and sediment were not normally distributed as observed by probability plots (PxP). 
After log transformation, data approximately approached the normal distribution. 
Hence, Pearson correlation matrices were established on log-transformed data. 
Since, many values of runoff depth (mm) were < 1.0; runoff volume was used in 
correlation matrices. Pair-wise deletion of missing data was done. Various 
variables showed significant relationships with other variables using simple linear 
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regression on log transformed data. Linear correlation coefficients between 
different variables of events are explained catchment wise in the following 
paragraphs. Correlation coefficients and significance are given in Appendix X. 
a) Gully-I 
i. Peak runoff rate (PEAKRR), and runoff volume (RUNV) had positive 
correlation (P<0.01) with total rainfall (RAIN), maximum rainfall intensity 
(I30) and rainfall energy (RAINE). However, the highest correlation 
coefficients for peak runoff rate and runoff volume, respectively were observed 
with I30, viz., 0.84 and 0.85. 
ii. Bedload sediments (BDL), finer sediments (FINES) and total sediment yield 
(SY) had positive significant correlations (P<0.01) with total rainfall, I30, 
rainfall energy and runoff volume. These sediment parameters were also 
strongly correlated with peak runoff rate and even higher coefficient values 
(0.89 and 0.84 for finer sediment and total sediment yield, respectively). 
Runoff volume proved to be the best predictor variable (r2=0.93 and 0.90) for 
finer sediment and total sediment yield. 
b) Terrace-I 
i. The PEAKRR and RUNV had positive correlation (P<0.01) with RAIN, I30 
and RAINE. However, correlation coefficients of RUNV were highest (> 0.73) 
with rain parameters i.e. RAIN, I30 and RAINE. 
ii. The BDL, FINES and SY had positive significant correlation (P<0.01) with 
RAIN, I30, RAINE and RUNV. These sediment parameters were also 
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correlated with PEAKRR with even higher coefficient values (i.e. 0.82 and 
0.79 for FINES and SY, respectively). 
c) Gully-II 
i. The PEAKRR and RUNV had strong positive correlation (P<0.01) with RAIN, 
I30 and RAINE. PEAKRR and RUNV were the highest predictor variables for 
each other with highest correlation coefficient (r = 0.92). 
ii. The BDL, FINES and SY had a positive significant correlations (P<0.01) with 
RAINF, I30, RAINE and RUNV. These sediment parameters were even more 
strongly correlated with PEAKRR with even higher coefficient values (r>0.80). 
Runoff volume (RUNV) proved to be the best predictor variable (r =0.90) for 
FINES and SY. 
d) Terrace-II 
i. Similar trend was observed in Terrace-II, viz., PEAKRR, and RUNV had 
positive (P<0.01) correlation with RAIN, I30 and RAINE. PEAKRR and 
RUNV were the highest predictor variables for each other with highest 
correlation coefficient (r=0.93). 
ii. The BDL, FINES and SY had a significant positive correlations (P<0.01) with 
RAIN, I30, RAINE, PEAKRR and RUNV. These sediment parameters were 
even more strongly correlated with PEAKRR with even higher coefficient 
values (r>0.80). Peak runoff rate (PEAKRR) proved to be the best predictor 
variable (r = 0.93 and 0.91) for FINES and SY, respectively. 
On overall basis, runoff volume and peak runoff rate gave better prediction. 
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4.4.4 Predictive equations 
Linear regression, exponential regression and power regression analyses 
were carried out on log-transformed event-wise data of all variables. Among them, 
linear regression equations (Table 16, 17) showed the highest coefficient of 
determination (R2) as presented in Appendix VII to X. Several scientists found 
significant relationships between various variables. Polyakov et al. (2010) reported 
that maximum half an hour rainfall of any event (I30) was the main factor 
responsible for runoff. Surface runoff proved to be the main predictor variable for 
sediment yield, which explained 90 per cent of variability. Rain event 
characteristics like intensity and duration influence the partitioning of water into 
different phenomenon as interception by plant canopy, evaporation, ponding, 
infiltration and sheet flow etc. (Hawke et al., 2006; Struthers et al., 2007). While 
reporting the results of runoff plots, Wischmeier and Smith (1978) showed that soil 
loss from cultivated fields was directly proportional to EI (E is total energy of 
storm, and I is the value of I30). Relationship of soil loss to EI was linear, and 
individual storm values were additive. In the present study, the value of R2 was 
lower for many variables. This is due to topography, which changes the properties 
of rainfall and runoff especially at catchment scale in comparison to plot scale. 
Similar results were reported by Liu et al. (2004) who demonstrated that rate of 
soil erosion of afforested land and undisturbed grassland was always related to 
rainfall intensity, because different land uses result in varying rainfall properties. 
For prediction of sediment yield and runoff data from the equations, following log-
transformation bias correction factor is used for sediment rating curves. The bias 
correction factors proposed by Ferguson (1986) are: 
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Table 16: Predictive equations of log-transformed data (Rahna Sadaat) 
a) Gully-I 
Sr No Independent variable 
(x) 
Dependent 
variable (y) 
Predictive 
equation 
R2 
1 Total rainfall (mm) RUNV y =1.99x-1.06 0.52 
2 I30 PEAKRR y=2.28x-2.23 0.70 
3 I30 RUNV y=2.32x-1.89 0.73 
4 I30 FINES y=3.15x-3.20 0.66 
5 I30 SY y=2.52x-1.94 0.62 
6 Rainfall energy PEAKRR y=1.99x-0.29 0.56 
7 Rainfall energy RUNV y=2.09x+0.01 0.66 
8 Rainfall energy FINES y=2.77x-0.55 0.55 
9 Rainfall energy SY y=2.43x-0.01 0.54 
 
b) Terrace-I 
Sr No Independent 
variable (x) 
Dependent 
variable (y) 
Predictive 
equation 
R2 
1 Total rainfall RUNV y=1.76x-0.99 0.58 
3 Total rainfall FINES y=1.80x-0.83 0.53 
4 Total rainfall SY y=2.46x-1.95 0.53 
5 I30 RUNV y=2.21x-2.01 0.53 
7 I30 BDL y=2.24x-2.56 0.58 
8 Rainfall energy RUNV y=1.82x-0.02 0.63 
10 Rainfall energy BDL y=1.74x-0.46 0.52 
11 Rainfall energy FINES y=1.88x+0.14 0.55 
12 Rainfall energy SY y=2.55x-0.59 0.57 
 
 
 
 
 
 
 
79 
 
 
 
Table 17: Predictive equations of log-transformed data (Thoa Bahadar) 
a) Gully-II 
Sr No Independent 
variable (x) 
Dependent 
variable (y) 
Predictive 
equation 
R2 
1 Total rainfall PEAKRR y=1.94x-1.29 0.54 
2 Total rainfall RUNV y=2.02x-1.16 0.64 
4 I30 PEAKRR y=2.13x-1.85 0.61 
5 I30 RUND y=1.49x-1.68 0.52 
6 Rainfall energy PEAKRR y=1.92x-0.16 0.61 
7 Rainfall energy RUNV y=1.91x+0.10 0.65 
9 Rainfall energy FINES y=2.74x-0.09 0.51 
10 Rainfall energy SY y=2.27x+0.51 0.51 
 
 
b) Terrace-II 
Sr 
No 
Independent 
variable (x) 
Dependent 
variable (y) 
Predictive 
equation 
R2 
1 Total rainfall (mm) PEAKRR y=1.99x-1.76 0.61 
2 Total rainfall (mm) RUNV y=2.39x-1.83 0.72 
3 Total rainfall (mm) FINES y=3.43x-3.35 0.65 
4 Total rainfall (mm) SY y=2.60x-3.35 0.68 
5 I30 PEAKRR y=2.03x-2.11 0.58 
6 Rainfall energy PEAKRR y=1.99x-0.63 0.68 
7 Rainfall energy RUNV y=2.26x-0.32 0.74 
8 Rainfall energy FINES y=3.26x-1.23 0.66 
9 Rainfall energy SY y=2.46x-0.27 0.69 
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Qs = CF.a.Qb  
and for back transformation from log10 use: 
CF = eଶ.଺ହ୶ୗమ 
For back conversion from natural log, use the factor proposed by Brownlee (1967) 
as: 
CF = eୱమ/ଶ 
Where, Qs =sediment discharge, CF =correction factor, Qb =water discharge, s2 
=mean square error of the regression. 
4.4.5  Principal Component Analysis 
Sediment and runoff data of catchments were subjected to principal 
component analysis using SPSS. Pearson correlation matrix was generated for each 
catchment (Appendix VII to X) to identify the factors that can explain the 
hydrological and sedimentological response of the catchments. Event wise data of 
rainfall, runoff and sediment were not normally distributed. However, after log-
transformation, data approximately approached the normal distribution. Therefore, 
Pearson correlation matrices were established on log-transformed data. Since, 
many values of runoff depth were <1.0, therefore, runoff volume was used in 
correlation matrices. Pair-wise deletion of missing data was done. Various 
variables showed significant relationships with other variables using simple linear 
regression on log-transformed data. 
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4.4.5.1 Sediment yield models 
Sediment yield models derived using principal component analysis are: 
Gully-I 
ln (Y) = 5.146 + 1.302PCA1 
and PCA1 = 0.891X1 + 0.937X2 + 0.930X3 + 0.961X4 + 0.933X5 + 0.930X6  
This component PCA1 explains 86 per cent of the variability. 
Gully-II 
ln (Y) = 5.422 + 0.896PCA1 
and PCA1 = 0.927X1 + 0.830X2 + 0.943X3 + 0.900X4 + 0.956X5 + 0.826X6  
This component PCA1 explains 49 per cent of the variability. 
Terrace-I 
ln (Y) = 4.280 + 1.060PCA1 
and PCA1 = 0.933X1 + 0.895X2 + 0.936X3 + 0.936X4 + 0.945X5 + 0.888X6  
This component PCA1 explains 81 per cent of the variability. 
Terrace-II 
ln (Y) = 4.170 + 0.932PCA1 
and PCA1 = 0.952X1 + 0.752X2 + 0.964X3 + 0.923X4 + 0.947X5 + 0.709X6   
This component PCA1 explains 72 per cent of the variability 
Where, Y=sediment yield (kg ha⁻1), X1=rainfall (mm), X2=maximum 
rainfall intensity (I30 in mm h⁻1), X3=rainfall energy (Mj ha⁻1), X4=peak runoff rate 
(l s⁻1 ha⁻1), X5=runoff depth (mm), X6=runoff coefficient (ratio) 
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4.4.5.2 Runoff models 
Runoff depth models derived using principal component analysis are:  
Gully-I 
ln (Y) = 1.936 + 0.474PCA1 
and PCA1 = 0.912X1 + 0.932X2 + 0.949X3 + 0.952X4 + 0.919X5  
This component PCA1 explains 87 per cent of the variability. 
Gully-II 
ln (Y) = 1.503 + 0.875PCA1 
and PCA1 = 0.933X1 + 0.857X2 + 0.949X3 + 0.890X4 + 0.808X5  
This component PCA1 explains 79 per cent of the variability. 
Terrace-I 
ln (Y) = 1.638 + 0.838PCA1 
and PCA1 = 0.932X1 + 0.912X2 + 0.940X3 + 0.939X4 + 0.877X5  
This component PCA1 explains 85 per cent of the variability. 
Terrace-II 
ln (Y) = 0.501 + 0.995PCA1 
and PCA1 = 0.966X1 + 0.792X2 + 0.976X3 + 0.902X4 + 0.674X5  
This component PCA1 explains 76 per cent of the variability. 
Where, Y = Runoff depth (mm) and X5 = runoff coefficient (ratio). Other 
variables, viz., X1 to X4 are same having already defined in the previous section 
4.4.5.1. 
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4.4.6 Comparison of Event Wise Runoff and Sediment Yield 
Data of rainfall, runoff and sediment yield were analyzed event wise using 
Statistica v5.5. The descriptive statistics of the data are presented in the form of 
box and whisker plot for important parameters to study their distribution. 
Maximum, minimum, median, 25 per cent and 75 per cent quartiles are depicted in 
these plots. 
4.4.6.1 Runoff parameters 
At Rahna Sadaat (Site-I), box plot shows that the median peak runoff rate 
was lower in terraced catchments as compared to gully catchments at both sites 
(Figure 13). Data indicated that 75 per cent of runoff events at terraced catchment 
had less than 21.2 mm h⁻1 of peak runoff rate as compared to 28.3 mm h⁻1 from 
gully catchment showing a decrease in peak discharge. The highest event produced 
a peak discharge of 79 mm h⁻1 from Gully-I but its adjacent terrace produced 62 
mm h⁻1, which showed a reduction of 22 per cent. 
Similar results were observed at Thoa Bahadar, where 75 per cent of runoff 
events had less than 10.3 mm h⁻1 of peak runoff rate from terraced gully catchment 
as compared to 27.9 mm h⁻1. Median and maximum values of peak runoff rate of 
terraced catchments were also lower showing its success. 
Similar results were received for runoff depth (Figure 14) and runoff 
coefficient for both the sites except 75 per cent quartile which was higher from 
Terrace-I as compared to Gully-I. Gallart et al. (1994), Chow et al. (1999) and 
Zhang et al. (2010) have also reported the reduction in runoff due to terracing. 
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Fig. 13. Box plot of, a) peak runoff rate, and b) runoff coefficient of events from 
four catchments (2009-2011) 
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Fig. 14. Box plot of runoff depth of events from four catchments (2009-2011)   
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Huang et al. (2003) assumed and attributed the reduction in runoff parameters to 
detention storage, rainfall interception by canopy cover, increased infiltration and 
plant evapotranspiration. In their study, conservation practices including the 
terracing, resulted in 25 and 49 per cent lower cumulative runoff and number of 
runoff events, respectively. Maximum discharge was reduced by 35 and 80 per 
cent in first two years of study but remained unchanged afterwards. It was 
attributed to high intensity rainfall in following years but the scope of further 
reduction in maximum discharge was limited with additional soil conservation 
measures. 
4.4.6.2 Sediment parameters 
At both sites, median, 25 per cent and 75 per cent quartile for both bedload 
and suspended sediment yields were lower in terraced catchments (Figures 15 and 
16). At Rahna Sadaat (Site-I), 75 per cent of events yielded less than 20 kg ha⁻1 of 
bedload in terraced gully as compared to gully where the yield was 66 kg ha⁻1. 
Similar trend was observed at Thoa Bahadar (Site-II) where the bedload sediment 
yield was 48 kg ha⁻1 from terrace as compared to 182 kg ha⁻1 from gully. 
At both sites, coarser sediment yield from the highest event was also lower 
from terraced catchment. Similar trend was observed for suspended sediment yield 
from the two land use systems. There was 67 per cent and 72 per cent reduction in 
75th quartile sediment yield (event based) at Rahna Sadaat and Thoa Bahadar, 
respectively. At both sites, 75 per cent of the events had less than 371 kg ha⁻1 total 
sediment yield. It was reduced by terracing to 163 kg ha⁻1 at Rahna Sadaat (56 per 
cent reduction), while at Thoa Bahadar, the reduction was 78 per cent. 
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Fig. 15. Box plot of a) bedload sediment yield, and b) total sediment yield of 
events from four catchments (2009-2011) 
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Fig. 16. Box plot of suspended sediment yield of events from four catchments 
(2009-2011) 
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All the parameters, viz., median, quartiles and maximum of event-wise 
values showed that terracing resulted in lower sediment yield at both low and high 
runoff event. No terrace failure was observed. Therefore, under the rainfall 
conditions and cropping pattern observed during the study period, the terracing 
was likely to reduce the runoff and sediment losses. 
4.4.7  Annual Runoff from Catchments 
The year 2010 was a higher rainfall year at both the sites (Appendix X). 
Therefore, it produced higher runoff. At Rahna Sadaat (Site-I), the annual surface 
runoff from Terrace-I was 105 mm which was lower as compared to 109 mm from 
the adjacent Gully-I (Table 18). However, if the runoff event of August 24, 2010 is 
excluded (possibly unequal rainfall in adjacent catchments) then, a 18 per cent 
reduction in annual runoff was recorded. The number of runoff events were also 
less (11) in terraced as compared to gully catchment (16) during 2010. During 
2011, the annual runoff volume from Terrace-I was 23.6 mm which was 17 per 
cent lower than that from adjacent gully (28.3 mm). At Thoa Bahadar (Site-II), 
runoff volume from terraced system was 48.4 mm as compared to that from gully 
system (123 mm) being 61 per cent higher. Same trend was observed during the 
year 2011. Details are presented in Appendix XI. 
Reduction in runoff is also evident from the values of runoff coefficients of 
four catchments. Tables 18a show that the median values of runoff coefficient of 
terraced catchments were lower at both the sites. Major reduction was at Thoa 
Bahadar site where runoff coefficient was 0.06 from terraced gully as compared to 
0.13 from gully catchment. Number of runoff events from terraced system was 43 
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Table 18: Surface runoff during 2009-2011: a) runoff coefficients of catchments 
and b) runoff characteristics of events  
a) Runoff coefficients of catchments 
Catchment n Median Average SD 
Gully-I 40 0.11 0.15 0.15 
Terrace-I 19 0.09 0.16 0.15 
Gully-II 44 0.13 0.16 0.10 
Terrace-II 36 0.06 0.07 0.06 
n = number of events 
b) runoff characteristics of events 
Catchment Year No of 
runoff 
events 
Total runoff 
depth 
Peak runoff rate of 
highest event 
   mm mm h⁻1 
Gully-I 2009 12 77 73.8 
 2010 16 109 79.2 
 2011 12 28 21.6 
 Total 40 215  
Terrace-I 2009 10 - 57.2 
 2010 11 105 61.6 
 2011 8 24 17.6 
 Total 29   
Gully-II 2009 9 49 64.8 
 2010 20 123 68.4 
 2011 15 83 48.9 
 Total 44 255  
Terrace-II 2009 9 - 42.5 
 2010 19 48 33.8 
 2011 15 31 19.1 
 Total 43   
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 as compared to 44 from gully system. There was a reduction of only one runoff 
event with terracing at this site. 
4.4.8  Annual Sediment Yield from Catchments 
At both sites, terraced gully land use system produced lower sediment yield 
as compared to the gully system during the period of study (Figure 17). However, 
the quantum of decrease in sediment yield was different depending upon the site 
and annual rainfall. Terraced catchment produced 2.78 Mg ha⁻1 total sediment 
yield with annual rainfall of 718 mm during 2010, which was 2.93 times lower 
than that of adjacent Gully-I catchment (8.15 Mg ha⁻1). Similar trend was observed 
during 2011 (annual rainfall 580 mm) when the annual sediment yield of terraced 
catchment was 0.55 Mg ha⁻1 as compared to 0.74 Mg ha⁻1 from adjacent gully 
catchment. It shows that the terracing within gully reduces the delivery of 
sediments to the catchment outlet. Results indicated that one cause of lower 
sediment yield from terraced catchment was the lower runoff volume. Other reason 
was the lower suspended sediment concentration (median = 1.23 g L⁻1) from 
terraced system as compared to 1.87 g L⁻1 from gully system. Details are presented 
in Appendix XII. 
Annual sediment yield was also reduced at this site. Decrease in sediment 
yield was partly due to reduction of runoff volume and partly due to lower 
suspended sediment concentration caused by reduction in average slope of the 
catchments with terracing. Terraced catchment produced lower suspended 
sediment concentration with a median of 3.32 g L⁻1 as compared to 5.19 g L⁻1 from 
gully catchment. The results are in agreement with previous studies (AAFC, 2012; 
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Fig. 17. Annual sediment yield of catchments in Dharabi watershed 
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Bokhtiar et al., 2001; Drechsler and Settele, 2001). IAPAR (1984) indicating that 
terracing may reduce soil loss by half regardless of cultivation practices. 
Annual sediment yields in the present study (0.55 to 12.3 Mg ha⁻1 yr⁻1) are 
comparable to the sediment yields reported by Nichols (2006) for watersheds of 
New Mexico and Arizona which varied between 0.7 to 19 Mg ha⁻1 yr⁻1. Similarly, 
the sediment yields of WGEW in Southern Arizona varied between 0.07 and 5.7 
Mg ha⁻1 yr⁻1 for watersheds having area <5 hectares (Nearing et al, 2007). 
However, the sediment yields were comparatively lower (0.5 to 3.0 Mg ha⁻1 yr⁻1) 
for watersheds with comparatively larger size (Nichols, 2006). The sediment yields 
of present study watersheds are also comparable to Erskine et al. (2002) who 
reported that cultivated basins produced an annual sediment yield of 7.1 Mg ha⁻1 
whereas grazed pastures and forest / woodland basins exported 3.3 and 3.1 Mg ha⁻1 
of sediments, respectively as on shale, granite and sandstone drainage basins (in 
Australia). However, gully erosion was not a major phenomenon in those 
catchments. 
Major factor decreasing runoff and erosion in present study catchments was 
the vegetation cover. In these catchments, grass cover starts establishing in the 
beginning of summer and it increases rapidly with first monsoon rainfall. 
Therefore vegetation cover during summer rainfalls is higher especially at gully 
floor. Table 7 shows that vegetative cover is considerably increased during late 
summer as compared to winter. It decreases the erosion and sediment delivery 
especially in gully catchments in late summers. According to Rodgers and 
Schumm (1991), a vegetative cover lower than 15 per cent was ineffective in 
reducing erosion. McIvor et al. (1995) also reported that erosion increased if the 
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vegetation cover was less than 40 per cent in semiarid tropical pastures. Patchy 
type vegetation on the other hand may increase the runoff 6 to 9 times with 
sediment losses up to 60 times with reference to the areas with similar density but 
uniform vegetation (Bartley et al., 2006). This could be the result of concentration 
and channelization of flow. In present study area, crops are sown at terraces. These 
crops are usually sown after shallow cultivation operations and not usually 
fertilized by the farmers. Deep tillage or multiple cultivation operations are not 
carried out by farmers during summer due to fear of soil erosion. Multiple 
cultivation operations can produce higher sediment yields as observed by Sanchez 
et al. (2002) for horticultural crops where multiple operations are necessary. 
Therefore, their agronomic growth and crop stand remains weaker. Addition of 
organic materials or manures and fertilizer nutrients appears to be the proper 
strategy to improve crop growth for providing cover to the soil. 
 Annual sediment yield of study catchments ranged generally between 1 
and 12 Mg ha⁻1. The study catchment soils belong to Dhumman series (Aridisols) 
which are very deep and well drained calcareous soils. No work is available 
regarding soil loss tolerance values on soils of Dharabi watershed. If we follow 
NRCS guidelines (Appendix XIII), the catchments may be classified in Group 2 in 
which “the limitations for roots are moderate, or there is a less than permanent loss 
to productivity (renewable)”. With deep soils (>150 cm) of group 2, soil loss 
tolerance rate would be 5 Mg ha⁻1. In this study, all terraced catchments produced 
sediment yield falling below 5 Mg ha⁻1 during all years showing that the soil loss 
from terraced catchments is within tolerance rate. Whereas, gully catchments in 5 
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out of 6 data years, produced sediment yield above 4.79 Mg ha⁻1, which indicate 
the soil loss above or closer to tolerance rate herein. 
Data from both sites were combined to establish a relationship between the 
annual sediment yields for two land use systems (Figure 18). Reduced major axis 
regression analysis was performed to develop the equation for predicting the 
sediment yield of a future terraced system at small watershed scale, as under: 
y = –0.1403+0.0999x 
Where, y=annual sediment yield from terraced system, and x=annual sediment 
yield from gully system.  
4.4.9 Particle Size of Eroded Sediments 
Per cent content of particle size classes and enrichment ratios in sediments 
are presented in Appendix XIV and XV. At Rahna Sadaat site (Gully-I and 
Terrace-I), both the bedload and suspended sediments were enriched in clay and 
silt contents (ER >1). The enrichment ratios were highest for silt contents in both 
the catchments and ranged between 1.88 and 3.40. Suspended sediments from 
terraced system (Terrace-I) had higher enrichment for clay and very fine sand 
fractions. which are more important because of the offsite impacts of suspended 
sediments. Bedload sediments are usually less enriched (ER<1.0) in finer particles. 
However, at Rahna Sadaat site, these were also more enriched with ER>1.0. 
Enrichment of finer particles in bedload sediments could be due to the deposition 
of coarser particles within the catchments because of higher vegetation/grass cover. 
At Thoa Bahadar (Site-II), bedload sediments were less enriched in clay (ER<1.0). 
As compared to Terrace-II, Gully-II yielded higher sand proportion of bedload 
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Fig. 18. Simple linear regression between sediment yield from gully and terraced 
gully systems 
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 sediments (ER>1.0). This was perhaps due to less vegetative cover of the 
catchment and gully floor and higher sediment delivery ratio owing to small 
catchment size. The suspended sediments had enrichment ratio of >1 for both clay 
and silt contents. Suspended sediments from gully system had higher enrichment 
ratio of silt and very fine sand as compared to terraced system because of selective 
deposition of these fractions at terraces. 
4.5 NUTRIENT LOSS THROUGH SEDIMENTS 
4.5.1 Sediment Bound Organic Carbon Loss 
 
Losses of sediment bound organic carbon are presented in Figure 19 to 21. 
At both sites, total losses of sediment bound organic carbon were lower from 
terraced as compared to gully land use system. At Rahna Sadaat, there was a total 
loss of 11.8 kg ha⁻1 of sediment bound organic carbon from terraced catchment as 
compared to 32.3 kg ha⁻1 from gully catchment. It accounted for 64.2 per cent 
reduction in organic carbon loss. At terraced and gully catchment, 92 and 94 per 
cent of the sediment organic carbon losses occurred through finer (suspended) 
sediments, respectively; while far lesser losses occurred through coarser (bedload) 
sediments (Appendix XVI). There are two reasons for higher loss of organic 
carbon through suspended load sediments. One is the higher quantity of suspended 
sediment as compared to bedload sediment yield from the catchments which is, 
generally, a normal phenomenon. Secondly, the nutrient contents in suspended 
sediments were higher which may be due to attachment/adsorption of nutrient 
elements at the surfaces of clay. Box plot of sediment organic carbon contents 
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Fig. 19. Sediment bound organic carbon losses from four catchments (2010-2011) 
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Fig. 20. Relationship between event wise sediment yield and organic carbon loss 
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Fig. 21. Box plot of organic carbon contents (%) of sediments from study 
catchments (2010-2011) 
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 indicated that its median values in suspended sediments were slightly lower under 
terraced catchments (Figure 20). Therefore, terracing had reduced organic carbon 
loss. Secondly, since there was no relationship (P<0.05) between runoff depth and 
sediment organic carbon contents. Therefore, lesser organic carbon loss from 
terraced catchment was due to lower suspended sediment yield. 
At Thoa Bahadar, similar trend was observed because Terrace-II rendered 
23.1 kg ha⁻1 of annual average organic carbon loss, which was 3.82 times lower 
than from adjacent gully. Relationship between event wise sediment yield and 
organic carbon loss is presented in Figure 19. Here, y=0.006x‒0.205 and R²=0.94. 
Where, y=sediment bound organic carbon loss in kg ha⁻1 and x=sediment yield in 
Mg ha⁻1.  
Average enrichment ratios of sediments for organic carbon content were 
higher for suspended as compared to bedload sediments (Table 19). However, 
bedload sediments were also enriched (ER>1) in organic carbon. Usually, the 
enrichment ratio of bedload sediments is <1. Here, ER>1 was due to the presence 
of finer sediments (in stilling basin) as compared to catchment soil. These finer 
sediments adsorb nutrients at their surfaces. Moreover, the terraced catchments had 
lower ER value of suspended sediments. 
As far as bedload is concerned, at Rahna Sadaat, the enrichment ratio of 
bedload was same for terrace and gully. It was due to presence of grass at gully bed 
at both of the catchments which decreased the runoff velocity. Grass cover acted as 
depositional area for coarser sediments, causing increased finer fraction in runoff 
water that was also deposited in stilling basin in addition to passing over weir. 
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Table 19: Enrichment ratios of sediment bound organic carbon and nitrogen in 
sediments  
Details Parameter Rahna Sadaat Thoa Bahadar 
  Gully-I Terrace-I Gully-II Terrace-II 
Suspended sediments Organic carbon 1.58 1.89 1.35 1.22 
Bedload sediments “ 1.44 1.66 1.31 1.09 
Suspended sediments Nitrogen 1.84 1.69 2.36 1.85 
Bedload sediments “ 1.38 1.38 1.45 1.33 
 
 
 
 
 
 
 
 
 
 
103 
 
 
 
 Finer fraction transported most of the organic carbon. However, at Thoa Bahadar 
(Terrace-II), catchment bed had lower vegetative cover. Moreover, due to 
cultivation, coarser particles got higher chances of being eroded and transported. 
Therefore, the enrichment ratio was comparatively lower than adjacent Gully-II). 
In present study, organic carbon loss was generally low because of lower 
soil organic carbon levels being around 0.5 per cent. Soil loss is decreased 
considerably when soil organic carbon level is above 3 per cent as advocated by 
Benito and Diaz-Fierros (1992) in Spain. Similarly Malinda (1995) found that soil 
loss, under wheat from 10-year plots in Australia, had a steep increase at SOC 
contents <1.6 per cent. However, there cannot be a sharp critical or threshold level 
for soil organic carbon to perform its functions in soil. Therefore, Verheijen et al. 
(2005) suggested ‘indicative soil organic carbon management ranges’ based on 
clay content and precipitation data of arable and ley-arable sites in 1980 from 
England and Wales National Soil Inventory. According to that criterion, in 
England, soils having 10 to 20 per cent clay content in areas with annual rainfall 
less than 650 mm have soil organic carbon level between 0.7 and 2.2 per cent 
under tillage and tillage-ley; and between 1.5 to 4.7 per cent under permanent 
grassland. In Dharabi watershed, rainfall is similar but due to high temperature and 
low vegetative cover, it is difficult to maintain soil organic carbon pool at levels 
above 1.0 per cent. Therefore, soil functions of provision of nutrients and 
decreasing soil loss cannot be met more efficiently as compared to those areas with 
comparatively low temperatures. Therefore, it is difficult to recommend a critical 
threshold level which cannot be achieved. 
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4.5.2 Sediment Bound Total Nitrogen Loss 
Data indicate that at both sites, nitrogen loss was higher during 2010 
compared to that in 2011 (Figure 22). It was directly related to higher rainfall and 
accompanying soil and water losses. At both sites, sediment bound nitrogen losses 
were lower in terraced systems. At Rahna Sadaat, average annual losses from 
Terrace-I were 0.98 as compared to 2.47 kg ha⁻1 from adjacent Gully-I showing 
2.5 times lower losses from terrraced system. Despite the fact that the median 
suspended sediment N contents from Terrace-I were comparatively higher (0.055 
per cent) as compared to 0.048 per cent from Gully-I, the terraced system produced 
the lowest nitrogen losses. Similar results were obtained from Thoa Bahadar pair 
of catchments. Therefore, the increased N losses can only be attributed to the 
higher sediment yield. Overall figures of nitrogen losses were lower in all the 
catchments because of the fact that there had been no use of fertilizer N in gully 
catchments and very little N fertilizer application by farmers in terraced 
catchments. Transport of nitrogen and phosphorus from upland fields to surface 
runoff in Japan was reported by Mihara and Ueno (2000). It indicates that eroded 
suspension carries higher concentrations of these nutrients compared with the 
supernatant. Total N and P concentrations increased with concentration of eroded 
material which indicated that the soil particles and organic matter transported most 
of the nitrogen and phosphorus. Median enrichment ratios of nitrogen for 
suspended and bedload sediments were higher in Terrace-I and Gully-II which was 
perhaps due to the higher finer sediment (clay+silt) contents in sediments which 
might have transported the organic materials and associated nitrogen. 
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Fig. 22. Sediment bound total nitrogen losses from catchments (2010-2011) 
 
 
 
 
 
 
 
 
 
 
0.00
1.00
2.00
3.00
4.00
5.00
6.00
7.00
Y 2010 Y 2011 Total Y 2010 Y 2011 Total Y 2010 Y 2011
Bedload Suspended Total Mean
N
itr
og
en
 lo
ss
  (
kg
 h
a-
1 )
Gully-I
Terrace-I
Gully-II
Terrace-II
106 
 
 
 
4.5.3 Sediment Bound Available Phosphorus Loss 
Loss of sediment associated available phosphorus was very small due to 
low contents of available P in soils (Figure 23). At both the sites, the losses of 
available P were less than 0.03 kg ha⁻1; further terraced catchments produced 
lower losses of available P. This was due to lower sediment yield from terraced 
catchments. Hunter and Walton (2008) also reported similar results and showed 
that fluxes of suspended sediments and phosphorus were strongly dominated by 
major events and 84 per cent of phosphorus was exported during the highest 10 per 
cent of daily flows. In his study, on average, sediment P comprised 81 per cent of 
the total P flux. Generally, P loss was smaller than the loss of N and K in both 
terraced and gully systems at both the sites. This could be due to the facts that 
original content of available P in soil was low, and secondly the transportation of P 
with runoff water is not significant as it is mostly bound chemically with calcium 
(in calcareous soils of this study) not on soil or organic particles. So being higher 
in density, these fixed P compounds could reside in soil without becoming part of 
the suspension as the finer soil/organic particles do. 
4.5.4 Sediment Bound Extractable Potassium Loss 
Figure 24 indicates that average annual potassium losses were lower from 
terraced systems as compared to gully systems at both the sites. At Rahna Sadaat, 
terraced catchment produced 71 per cent lower annual average loss of extractable 
K (0.29 kg ha⁻1 as compared to 1.0 kg ha⁻1 from the gully catchment) during 2010-
2011. Amount and type of nutrient losses depend on its land use patterns and soil 
type. Absence of K fertilizer application to soils of watershed is also a key factor  
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Fig. 23. Sediment bound available phosphorus loss from catchments (2010-2011) 
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Fig. 24. Extractable potassium losses: a) annual sediment bound K losses from 
catchments b) box plot of event wise extractable potassium losses from catchments 
2010-2011 
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which governs the nutrient losses associated with sediments and runoff (Hashim, 
1998). Variations of total nitrogen and phosphorus in runoff may be described by 
changes in land use along with fertilization intensity, soil characteristics and water 
discharge (Grimvall et al., 2000). Various studies indicate that cropped watersheds 
produce more nutrient export than forested or pastured watersheds mainly because 
of application of fertilizer to crops. In a study reported by Hashim and Abdullah 
(2005), hardwood forest produced lesser nutrient losses than the cabbage and tea 
plantation mainly due to higher rates of manure and fertilizer application. In Spain, 
Casalí et al. (2010) observed that solute yields from total sediments were in 
decreasing order, cereals > forest land> pasture. Nitrate concentration and yields 
were lower but phosphate yields were higher from forested/pastured watershed due 
to fertilization in pasture and its soil conditions. Higher nutrient loss from the gully 
system in present study was mainly due to higher sediment yield as Verstraeten 
and Poesen (2000) had reported for Belgium. 
4.6 SOIL LOSS FROM UNDISTURBED AND CULTIVATED SLOPES 
4.6.1  Soil Characteristics and Rainfall 
Original soil analysis of experimental site is presented in Table 20. Soil was 
alkaline with pH ranging between 7.9 and 8.0; having electrical conductivity range 
of 2.0-2.5 dS m⁻1 being normal for growth of most of the crops. Texture was sandy 
loam with average of 11 percent clay, and organic carbon ranged from 0.33 to 0.97 
per cent with the lowest value in cultivated slope and highest value in undisturbed 
gentle slope.  Available phosphorus contents ranged between 2.6 and 5.0 (mg kg⁻1) 
whereas extractable potash ranged between 52 and 71 (mg kg⁻1). 
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Table 20: Soil characteristics of experimental site at Rahna Sadaat. 
Parameters Undisturbed 
steeper slope 
(LS1)  
Undisturbed 
gentle slope 
(LS2)  
Cultivated 
gentle slope 
(LS3)  
Slope gradient (%) 11.2 6.1 5.8 
ECe (dS m⁻1) 2.00 2.20 2.50 
pH 8.07 7.97 7.87 
Organic carbon (%) 0.79 0.97 0.33 
Available P (mg kg⁻1) 5.0 2.6 2.9 
Extractable K (mg kg⁻1) 71 57 52 
Sand (%) 75.9 74.5 75.3 
Silt (%) 13.4 14.3 14.1 
Clay (%) 10.7 11.2 10.6 
Textural class Sandy loam Sandy loam Sandy loam 
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During two study years (viz., 2010 and 2011), 718 and 580 mm of rainfall 
occurred at experimental site (Table 21) which was 13.4 per cent higher and 8.4 
per cent lower respectively than the long term average rainfall (633 mm) in 
Chakwal.  During both years, 67 per cent of total rainfall occurred in monsoon 
months of July, August and September while the rest occurred during all other 
months. Therefore, water and soil loss occurred mainly during monsoon months. 
Twenty five runoff event days were recorded during these two years i.e. viz., 12 
during 2010 and 13 during 2011. Data of the runoff event days are presented in 
Table 22. Maximum rainfall intensity (I30) was 89.4 mm h⁻1 with median value of 
36 mm h⁻1. 
4.6.2 Land Use vs. Water Loss 
Three different land use systems namely Steeper Natural Slope (LSI), 
Gentle Natural Slope (LS2) and Cultivated Gentle Slope (LS3) were compared for 
water loss at plot scale. Average annual runoff was 89.7, 56.5 and 107.9 mm from 
LS1, LS2 and LS3 respectively (Table 23). It indicated that cultivated gentle slope 
(LS3) produced 1.2 times more runoff than undisturbed steeper (11.2 per cent) 
slope (LS1) and 1.9 times more runoff than undisturbed gentle slope (LS2). This 
meant that cultivation was responsible for increased runoff despite the fact that 
slope gradient had been reduced from 11.2 to 5.8 per cent. Same trend was 
observed during both the years (Table 24). Average annual runoff coefficients (mm 
of average annual runoff ÷ mm of average annual rainfall) of the land uses LS1, 
LS2 and LS3 were 14, 9 and 17 per cent, respectively. Pair wise comparisons of 
water loss from all land uses were made using Mann-Whitney U and Wilcoxin 
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Table 21: Rainfall (mm) at runoff experimental site at Rahna Sadaat 
Year J F M A M J J A S O N D Total 
2010 4 49 20 4 71 81 288 162 39 0 0 0 718 
2011 4 36 20 65 24 31 192 127 59 14 7 0 580 
Total 8 85 40 69 95 112 480 289 98 14 7 0 1298 
Mean 4 43 20 34 47 56 240 144 49 7 3 0 649 
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Table 22: Rainfall characteristics of runoff event days at runoff plot site during 
2010-2011 
Parameter Rainfall duration 
(minutes) 
Average 
intensity  
Max rainfall 
intensity (I30) 
Daily rainfall Main event 
rainfall 
minutes -----------mm h⁻1------- -----------mm--------- 
Mean 149 18.1 38.9 33.4 28.8 
Median 106 15.0 36.1 25.4 24.5 
Min 38 03.6 08.1 11.4 11.4 
Max 408 40.8 89.4 132.6 64.3 
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Table 23: Annual average runoff and soil loss from different land uses 2010-2011 
Land use type Annual average 
runoff 
Average annual 
runoff coefficient 
Annual average 
soil loss 
 mm % Mg ha⁻1 
Undisturbed steeper slope (LS1) 89.7 14 4.66 
Undisturbed gentle slope (LS2) 56.5 9 2.08 
Cultivated gentle slope (LS3) 107.9 17 8.96 
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Table 24: Annual runoff and soil loss and sediment organic carbon contents, a) 
annual runoff and soil loss under different land uses b) sediment organic carbon 
contents and enrichment 
a) 
Year Total 
rainfall 
Cumulative 
daily 
rainfall* 
Land 
use 
Annual runoff 
coefficient 
(RC) ** 
Annual 
 runoff  
depth 
Annual 
 soil 
 loss 
 mm mm  % mm Mg ha⁻1 
2010 718 533 LS1 13.4 96.4 (±2.4) 6.9 (±0.19) 
 LS2 9.7 69.3 (±6.6) 3.5 (±0.06) 
 LS3 16.2 116.2 (±2.5) 12.9 (±0.14) 
2011 580 396 LS1 14.3 83.0 (±2.8) 2.35 (±0.28) 
 LS2 7.5 43.7 (±2.2) 0.7 (±0.08) 
 LS3 17.2 99.6 (±2.6) 5.07 (±0.28) 
*Total rainfall of runoff event days; **Runoff depth (mm) as per cent of total 
annual rainfall 
b) 
Land use Sediment organic 
carbon contents (%) 
Enrichment 
ratios 
Undisturbed gentle slope 2.15 a 2.22 a 
Undisturbed steeper slope 1.62 b 2.06 a 
Cultivated gentle slope 0.45 c 1.35 b 
Means separated by different letters a,b are significant at P<0.05 
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 signed rank tests (Tables 25). Pair wise analysis indicated that event wise runoff 
from LS1 and LS2, and LS2 and LS3 had significant difference. It reflected that 
runoff was less at lower slope gradient having natural vegetation. A similar slope 
gradient (about 5 per cent), runoff was higher at cultivated slope than at 
undisturbed slope. Annual runoff from LS1 and LS3 was statistically similar which 
indicated that cultivated slope, despite having lower slope gradient produced water 
loss equal to steeper natural slope. 
Median values of all the 75 event wise runoff values from LS1, LS2 and 
LS3 were 4.48, 2.22 and 7.59 mm, respectively. Third quartile value of all 75 
event-wise runoff values was 9.7, 5.7 and 14.5 mm from LS1, LS2 and LS3, 
respectively. This showed that individual rainfall events produced higher runoff at 
cultivated land use (LS3) followed by undisturbed steep slope (LSI). Undisturbed 
gentle slope (LS2) produced the lowest runoff. If various parameters like runoff 
values, runoff coefficients, results of parametric tests and quartile analysis are 
taken into consideration, it can be inferred that cultivated slope produces runoff 
equal to or more than undisturbed steeper slope as in Dharabi watershed. Girmay et 
al (2009) also found that land use significantly change runoff generation, and 
cultivated land produced significantly higher runoff coefficient (23-39 per cent) as 
compared to other land uses including grazing land. 
4.6.3  Land Use vs. Soil Loss 
Results indicated that soil loss at all the runoff plots was higher during the 
year 2010 as compared to 2011 due to higher rainfall in 2010. Cultivated slope 
(LS3) produced the highest average annual soil loss which was 8.96 Mg ha⁻1. 
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Table 25: Kruskal-Wallis mean rank test and Mann-Whitney U Test Ranks for 
water loss from three land uses 
Land use 
type 
N Mean 
rank 
Sum of 
ranks 
Test applied Test statistics 
value 
LS1 69 79 5446 Mann-Whitney U 1730 
LS2 69 60 4145 Wilcoxon W 4145 
Total 138   P-Value 0.01 
LS1 69 66 4526 Mann-Whitney U 2111 
LS3 69 73 5066 Wilcoxon W 4526 
Total 138   P-Value 0.25 
LS2 69 59 4082 Mann-Whitney U 1667 
LS3 69 79 5509 Wilcoxon W 4082 
Total 138   P-Value 0.01 
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It was followed by undisturbed steeper slope with 4.66 Mg ha⁻1. Undisturbed 
gentle slope produced the lowest soil loss being 2.08 Mg ha⁻1. Statistical analysis 
is presented in Table 26, which indicated that the differences in soil loss from three 
land uses were significant. Though the runoff depth from cultivated slope (LS3) 
was higher by 1.2 times from undisturbed steeper slope (LS1) but increase in soil 
loss was much higher, viz., 1.9 times. Higher value of soil loss from cultivated 
slope (LS3) as compared to undisturbed similar natural slope (LS2) indicated that 
cultivation was the main reason for increased runoff and soil loss. Decrease in 
slope from 11.2 to 5.8 per cent could not compensate the erosion supporting effect 
of cultivation. Similar results were reported by Liu et al. (2004) stating that erosion 
rates from farmland were higher and in order of farmland > disturbed grassland > 
undisturbed grassland > forestland in hilly and mountainous area. Shrestha et al. 
(2004) while working in Nepal also observed higher soil losses where rainfed 
crops were grown at sloping terraces. They recorded a maximum soil loss of 32 
Mg ha⁻1 yr⁻1 at sloping terrace and minimum with dense forest. Wei et al. (2007) 
reported similar results in China as mean erosion modulus and runoff coefficient 
were in the order of cropland > pasture land > woodland > grassland > shrubland. 
Neil and Fogarty (1991) and Erskine et al. (2002) from Australia also had similar 
observations. However, reduced tillage treatment may reduce soil and water loss 
by 18 to 28 per cent and 7 to 11 per cent respectively showing the role of 
cultivation in erosion enhancement (Tiwari et al., 2008). Zhu and Zhu (2014) also 
reported that grassland produced only 6.9 per cent soil loss as compared to that 
from farmland in China. 
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Table 26: Kruskal-Wallis mean rank test and Mann-Whitney U Test Ranks for soil 
loss from three land uses 
Land use 
type 
N Mean rank Sum of 
ranks 
Test applied Test statistics 
value 
LS1 75 65 4852 Mann-Whitney U 2002 
LS2 75 86 6474 Wilcoxon W 4852 
Total 150   Z -3.05* 
LS1 75 62 4675 Mann-Whitney U 1825 
LS3 75 89 6650 Wilcoxon W 4675 
Total 150   Z -3.71* 
LS2 75 69 5197 Mann-Whitney U 2347 
LS3 75 82 6128 Wilcoxon W 5197 
Total 150   Z -1.95** 
*Significant at P<0.05, **Significant at P<0.10 
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4.6.4  Sediment Bound Organic Carbon 
Organic carbon contents of sediments and its enrichment ratios are 
presented in Table 24. Organic matter contents of sediments were comparatively 
higher (2.15 per cent) from undisturbed slopes followed by 1.62 per cent from 
undisturbed steeper slope. These contents were higher firstly due to its inherent 
higher organic carbon contents of the soils, and secondly due to selective transport 
of finer sediments from undisturbed soils (Hashim et al., 1998). Cultivated slope 
produced the lowest sediment organic carbon contents. Enrichment ratios also 
followed the same pattern. Enrichment ratios were highest (2.22) in sediments 
from undisturbed gentle slope as compared to that from steeper slope (2.06). 
Cultivated slope produced lowest enrichment ratio of 1.35. 
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SUMMARY 
Soil is vulnerable to degradation through deforestation, desertification, 
salinization, overgrazing and soil erosion. Globally, large areas are affected by 
accelerated water erosion and the erosion rate mainly depends upon slope, rainfall, 
plant cover, runoff and conservation techniques. In Dharabi watershed (196 km2), 
annual rainfall ranges from 440 to more than 600 mm on spatial scale. About two 
third of the precipitation occurs in the monsoon season from July to September as 
heavy showers. These high intensity rainstorms result in the development of wide 
and deep gullies in different parts of Dharabi watershed. At extreme downstream, 
these gullies have been converted into badlands. However, increasing pressure of 
population forced the farmers to extend agricultural land by i) converting sloping 
land into terraced fields ii) making of terraces in the gullies. This research was 
carried out with the objective to determine sediment yield from terraced and 
gullied land, and to compare soil loss from undisturbed slope and cultivated slope 
on terrace. Study was conducted simultaneously at two scales for this purpose. 
Firstly, the study compared the sediment yield from gully and terraced 
gully land use systems using small catchment approach. Two pairs of small 
catchments were selected, one near Thoa Bahadar and another near Rahna Sadaat. 
These catchments are located in downstream portion of Dharabi watershed where 
many gullies have been terraced. In each pair, one gully system was adjacent to the 
terraced gully system. Size of the catchments used was 1.5, 2.0, 3.0 and 3.3 ha. 
Soil samples were collected from the catchments and analyzed for various 
characteristics. Data of land use and vegetation cover were taken during the study 
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period. Instruments were installed to monitor the runoff and sediment yield from 
all the catchments on event basis, including rainguages and water level recorder at 
each catchment. Runoff was measured using sharp crested weirs, and sediment 
data were taken through collection of coarser sediments in stilling basin and 
sampling of finer sediments passing over the weir crest. Sediment samples were 
analyzed for OC, N, Av P and Ex K contents to ascertain sediment associated 
nutrient losses. 
Secondly, soil and water loss was measured at slope scale from two land 
use systems, one with natural vegetation and another slope cultivation a cultivated 
slope on terrace. A relatively steeper slope (11 per cent) with natural vegetation 
was selected near Rahna Sadaat and it was compared with a gentle slope (6 per 
cent) on cultivated terrace with existing cropping pattern. Both these runoff plots 
represent the land use systems of the area. To ascertain whether any change in soil 
and water loss from these two runoff plots is due to change in land use system or 
change in slope, another runoff plot was established at gentle slope with natural 
vegetation. All plots were established in triplicate. Water and sediment loss data 
were measured for two years to compare these land use systems. salient findings of 
the study are as under: 
 During the years from 2009 to 2011, the recorded yearly rainfall was 547, 725 
and 686 mm respectively and it was observed that events of greater than 10 
mm did produce some runoff during summer at small watershed scale.  
 Terraced gully system produced lower runoff and almost 30 per cent lower 
sediment yield as compared to gully system. 
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 Number of runoff events was lower in terrace system. At Rahna Sadaat, the 
decrease was from 40 to 29. However, the decrease was of only one event at 
Thoa Bahadar. 
 At Rahna Sadaat, the terraced catchment produced 64 per cent less average 
annual sediment bound organic carbon loss, viz., 11.8 kg ha⁻1 as compared to 
32.3 kg ha⁻1 from gully catchment. Similarly, at Thoa Bahadar, terraced gully 
produced 3.82 times lower annual loss of organic carbon, viz., 23.1 kg ha⁻1 as 
compared to 88.4 kg ha⁻1 from adjacent gully.       
 At Thoa Bahadar, average annual nitrogen losses from terraced catchments 
(3.97 kg ha⁻1) were lower as compared to that in adjacent gully catchments 
(1.10 kg ha⁻1). Similarly at Rahna Sadaat, nitrogen losses were 0.98 kg ha⁻1 
from terraced catchment as compared to 2.47 kg ha⁻1 from adjacent gully. The 
losses were lower due to lower sediment yield. 
 Losses of available phosphorus were smaller (< 1 kg ha⁻1) due to lower P 
contents in the soils, and no or very little use of fertilizers. 
 At Rahna Sadaat, terraced catchment 1 produced 3.51 times lower annual 
average loss of extractable K (0.288 kg ha⁻1 as compared to 1.010 kg ha⁻1 from 
the gully catchment) during 2010-2011. Similar results were obtained at Thoa 
Bahadar. 
 At runoff plot scale, cultivated slope produced the highest average annual soil 
loss which was 8.96 Mg ha⁻1 as compared to the other undisturbed gentle and 
steep slopes with 2.08 and 4.66 Mg ha⁻1 of soil loss, respectively during the 
period of study. 
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 Average annual runoff from undisturbed gentle slope and cultivated gentle 
slope (having similar slope gradient) was 56.5 and 107 mm, respectively, and it 
was 1.9 times more than at cultivated slope. 
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CONCLUSION 
Two land use systems in Dharabi watershed, Chakwal were compared for 
runoff and sediment yield. Terraced system produced the lowest runoff and 
sediment yield. Sediment yield of terraced gully was about 70 per cent lower as 
compared to gully system on overall basis. Therefore, the terraced system should 
be allowed to continue for lowering the siltation of reservoirs and other 
environmental problems. Terraced system produced lower nutrient losses as 
compared to gully system due to lower sediment yields. Therefore, the terraced 
system is beneficial from the view point of onsite depletion and offsite impacts of 
nutrients. Plot scale study showed that slope cultivation enhances the soil and 
water losses, and a decrease of slope gradient from 11 to 6 per cent failed to 
compensate the enhancement of soil and water loss caused by cultivation. 
Therefore, the undisturbed slopes with the natural grass and shrub system are 
beneficial from soil conservation point of view as compared to cultivation on them. 
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APPENDICES 
 
Appendix I. Monthly rainfall data of 35 years (1977-2011) recorded at SAWCRI 
Chakwal 
Year Jan  Feb Mar  Apr May  Jun Jul Aug Sep Oct Nov Dec Total 
--mm-- 
1977 0 0 0 67 53 86 290 160 53 68 11 3 791 
1978 5 8 66 9 12 25 322 60 49 10 0 0 566 
1979 0 0 41 1 0 0 84 0 35 25 8 31 225 
1980 0 0 71 28 2 56 127 56 91 19 34 0 484 
1981 63 19 72 6 6 33 86 114 20 0 1 0 420 
1982 48 33 201 121 41 6 73 170 62 15 6 9 785 
1983 38 109 18 223 67 16 72 90 88 10 0 0 731 
1984 0 25 21 14 3 36 159 129 62 1 12 6 468 
1985 7 3 10 25 7 28 62 39 14 17 1 19 232 
1986 2 35 36 20 45 37 46 20 62 18 9 32 362 
1987 0 56 64 20 47 24 58 77 61 16 0 2 425 
1988 2 17 91 6 8 22 19 199 36 4 0 35 439 
1989 21 7 91 17 8 0 114 101 24 0 0 97 480 
1990 19 65 73 14 25 25 118 196 133 11 0 99 778 
1991 2 54 85 74 35 25 99 138 74 6 20 5 617 
1992 51 54 142 52 69 39 89 173 291 3 11 4 978 
1993 10 15 60 37 36 124 45 157 0 0 0 0 484 
1994 23 18 9 48 23 52 144 161 16 12 0 24 530 
1995 2 39 108 73 8 47 121 216 7 15 0 4 640 
1996 109 59 86 12 11 97 42 204 27 60 0 3 710 
1997 28 3 25 130 71 99 217 443 97 105 19 4 1241 
1998 22 159 17 96 22 133 98 218 36 44 0 0 845 
1999 130 19 22 19 17 65 163 135 88 9 18 0 684 
2000 61 73 10 11 23 59 192 93 195 0 0 9 725 
2001 0 0 53 38 26 98 197 124 39 46 4 0 624 
2002 0 49 33 13 0 107 156 303 126 17 1 804 
2003 0 145 36 27 25 0 106 188 71 36 13 13 661 
2004 65 19 9 62 26 126 47 169 24 34 2 30 615 
2005 77 63 75 10 38 61 167 93 85 14 3 0 687 
2006 14 24 55 8 16 135 109 72 52 0 42 30 558 
2007 0 166 147 8 46 115 80 198 95 0 16 1 872 
2008 41 29 3 68 12 226 93 163 11 6 2 69 722 
2009 19 39 40 85 40 6 189 76 40 4 7 0 545 
2010 19 55 16 6 56 48 241 198 52 20 0 12 725 
2011 4 88 26 44 36 52 130 238 40 17 13 0 686 
Average 25 44 55 43 27 62 124 148 64 19 7 16 633 
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Appendix II. Rainfall data of Dharabi Watershed (2009-2011) 
 
Site Year J F M A M J J A S O N D 
  --mm-- 
Dhoke Ratta 2010 13 27 13 8 49 74 173 158 28 0 0 0 
 2011 4 49 26 52 19 45 143 236 22 17 7 0 
SAWCRI 2009 20 39 40 85 40 6 189 76 40 4 7 0 
 2010 20 55 16 6 56 48 240 198 52 20 0 12 
 2011 4 88 26 44 36 52 130 238 40 17 13 0 
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Appendix III: Meteorological data recorded at weather station (Dhoke Ratta) 
during 2010 
 
Month Average 
solar 
radiation 
Wind 
speed 
24 hours’ 
average air 
temp 
Relative 
humidity   
PAR* 
uE 
Soil 
temp 
 W-m⁻² m s⁻1 °C %  °C 
Jan 131 0.38 12.7 50.48 247 13.01 
Feb 129 0.87 13.6 65.61 241 13.86 
Mar 206 1.09 22.6 50.02 400 22.89 
Apr 250 1.00 27.4 33.60 477 27.51 
May 269 0.90 29.9 36.55 502 30.01 
Jun 263 1.12 30.9 42.74 486 30.97 
Jul 220 1.10 29.9 67.51 413 29.93 
Aug 177 0.67 27.6 83.77 337 27.76 
Sep 199 0.58 26.3 70.92 373 26.72 
Oct 164 0.51 24.3 59.13 299 24.73 
Nov 147 0.21 18.1 47.03 265 18.48 
Dec 113 0.35 11.7 49.13 196 12.11 
Av. 189 0.73 22.9 54.71 353 23.17 
*PAR= Photosynthetically active radiation 
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Appendix IV. Meteorological data recorded at weather station (Dhoke Ratta) 
during 2011 
 
Month Average solar 
radiation 
Wind 
speed 
24 hours’ 
average air 
temp 
Relative 
humidity   
PAR* 
uE 
Soil 
temp 
W-m⁻² m s⁻1 °C %  °C 
Jan 127 0.47 10.2 56.4 221 10.6 
Feb 111 0.44 11.9 71.3 199 12.2 
Mar 191 0.24 19.2 56.1 338 19.5 
Apr 215 0.32 22.8 53.1 373 23.0 
May 244 0.98 31.6 36.8 423 31.7 
Jun 247 1.29 32.3 52.2 423 32.3 
Jul 209 0.92 28.9 76.3 366 29.0 
Aug 194 2.00 28.1 81.9 343 28.2 
Sep 191 1.36 27.1 75.5 336 27.3 
Oct 180 1.17 23.5 54.0 315 23.9 
Nov 133 0.51 18.4 58.9 226 18.7 
Dec 121 0.22 12.4 42.3 199 12.8 
Av. 180 0.83 22.2 59.6 314 22.4 
*PAR= Photosynthetically active radiation 
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Appendix V. Gumbel distribution analysis of annual rainfall (n=35) at SAWCRI 
Chakwal 
 Gumbel probability (Pi) 
Rainfall 
descending 
order (mm) 
Rainfall 
year 
Rank Gringorten 
(r-0.44) / 
(n+0.12)  
Weibull 
r/(n+1) 
Reduced 
variate Yi 
Gringorten 
Reduced 
variate Yi 
Weibull 
    
1241 1997 1 0.02 0.03 4.13 3.57 
978 1992 2 0.04 0.06 3.09 2.86 
872 2007 3 0.07 0.08 2.58 2.44 
845 1998 4 0.10 0.11 2.24 2.14 
805 2002 5 0.13 0.14 1.97 1.90 
791 1977 6 0.16 0.17 1.76 1.70 
785 1982 7 0.19 0.19 1.58 1.53 
778 1990 8 0.22 0.22 1.42 1.38 
731 1983 9 0.24 0.25 1.28 1.25 
727 2000 10 0.27 0.28 1.15 1.12 
725 2010 11 0.30 0.31 1.03 1.01 
722 2008 12 0.33 0.33 0.92 0.90 
710 1996 13 0.36 0.36 0.82 0.80 
706 2003 14 0.39 0.39 0.72 0.71 
687 2005 15 0.41 0.42 0.62 0.62 
686 2011 16 0.44 0.44 0.54 0.53 
685 1999 17 0.47 0.47 0.45 0.45 
640 1995 18 0.50 0.50 0.37 0.37 
626 2001 19 0.53 0.53 0.29 0.29 
617 1991 20 0.56 0.56 0.21 0.21 
613 2004 21 0.59 0.58 0.13 0.13 
566 1978 22 0.61 0.61 0.05 0.06 
557 2006 23 0.64 0.64 -0.03 -0.02 
547 2009 24 0.67 0.67 -0.11 -0.09 
530 1994 25 0.70 0.69 -0.18 -0.17 
484 1980 26 0.73 0.72 -0.26 -0.25 
484 1993 27 0.76 0.75 -0.34 -0.33 
480 1989 28 0.78 0.78 -0.43 -0.41 
468 1984 29 0.81 0.81 -0.52 -0.49 
439 1988 30 0.84 0.83 -0.61 -0.58 
425 1987 31 0.87 0.86 -0.71 -0.68 
420 1981 32 0.90 0.89 -0.83 -0.79 
362 1986 33 0.93 0.92 -0.96 -0.91 
232 1985 34 0.96 0.94 -1.14 -1.06 
225 1979 35 0.98 0.97 -1.42 -1.28 
Mean=634 S.D.=199 Coefficient of variance=0.31 
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Appendix VI. Pearson correlation metrics between rainfall, runoff and sediment 
parameters (event wise) Gully-I (log transformed data) 
 
 RAIN I30 RAINE RAIND AP1D AP7D PEAKRR 
RAIN 1.00 
p> --- 
I30 0.72 1.00 
(n 30) (n 31) 
p>0.00 p> --- 
RAINE 0.97 0.85 1.00 
(n 30) (n 30) (n 30) 
p>0.00 p>0.00 p> --- 
RAIND 0.44 -0.02 0.28 1.00 
(n 30) (n 31) (n 30) (n 31) 
p>0.02 p>0.90 p>0.14 p> --- 
AP1D 0.43 0.75 0.54 -0.23 1.00 
(n 70) (n 80) (n 70) (n 80) (n 80) 
p>0.33 p>0.03 p>0.21 p>0.57 p> --- 
AP7D -0.18 -0.15 -0.14 -0.36 0.76 1.00 
(n 24) (n 25) (n 24) (n 25) (n 8) (n 25) 
p>0.39 p>0.49 p>0.52 p>0.08 p>0.03 p> --- 
PEAKRR 0.65 0.84 0.75 0.06 0.54 -0.09 1.00 
(n 30) (n 31) (n 30) (n 31) (n 8) (n 25) (n 31) 
p>0.00 p>0.00 p>0.00 p>0.75 p>0.16 p>0.67 p> --- 
RUNV 0.72 0.85 0.81 0.10 0.50 -0.08 0.95 
(n 30) (n 31) (n 30) (n 31) (n 8) (n 25) (n 31) 
p>0.00 p>0.00 p>0.00 p>0.60 p>0.20 p>0.71 p>0.00 
BDL 0.57 0.66 0.62 0.35 0.36 -0.21 0.65 
(n 25) (n 26) (n 25) (n 26) (n 6) (n 20) (n 26) 
p>0.00 p>0.00 p>0.00 p>0.08 p>0.49 p>0.38 p>0.00 
TSC 0.26 0.22 0.25 -0.02 0.01 -0.29 0.10 
(n 25) (n 26) (n 25) (n 26) (n 6) (n 20) (n 26) 
p>0.21 p>0.28 p>0.23 p>0.92 p>0.99 p>0.22 p>0.63 
FINES 0.65 0.81 0.74 -0.02 0.54 -0.17 0.89 
(n 30) (n 31) (n 30) (n 31) (n 8) (n 25) (n 31) 
p>0.00 p>0.00 p>0.00 p>0.93 p>0.17 p>0.43 p>0.00 
SY 0.65 0.78 0.74 0.18 0.33 -0.36 0.84 
(n 25) (n 26) (n 25) (n 26) (n 6) (n 20) (n 26) 
p>0.00 p>0.00 p>0.00 p>0.39 p>0.52 p>0.12 p>0.00 
Continued 
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Appendix VI: Page 2 
 
 RUNV BDL TSC FINES SY 
RUNV 1.00 
 (n 31) 
 p> --- 
BDL 0.69 1.00 
 (n 26) (n 26) 
 p>0.00 p> -- 
TSC 0.14 0.48 1.00 
 (n 26) (n 26) (n 26) 
 p>0.49 p>0.01 p> --- 
FINES 0.93 0.60 0.39 1.00 
 (n 31) (n 26) (n 26) (n 31) 
 p>0.00 p>0.00 p>0.05 p> -- 
SY 0.90 0.79 0.55 0.95 1.00 
 (n 26) (n 26) (n 26) (n 26) (n 26) 
 p>0.00 p>0.00 p>0.00 p>0.00 p> --- 
Figures are correlation coefficients, n = number of pairs for particular set of 
variables, p = probability 
 
RAIN = Rainfall (mm); I30 = Maximum rainfall intensity (mm h⁻1), RAINE = 
Rainfall energy = MJ ha⁻1; RAIND = Rainfall depth (mm); AP1D = Precipitation 1 
day before runoff event; AP7D = Precipitation upto 7 day before runoff event; 
PEAKRR = Peak runoff rate (mm h⁻1); RUNV = Runoff volume (liters); BDL = 
Coarser sediment yield (Bedload) (kg ha⁻1); TSC = Total sediment concentration 
(g L⁻1); FINES = Finer sediment yield (kg ha⁻1); SY = Total sediment yield (kg 
ha⁻1) 
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Appendix VII. Pearson correlation metrics between rainfall, runoff and sediment 
parameters (event wise) Terrace-I (log transformed data) 
 
RAIN I30 RAINE RAIND AP1D AP7D PEAKRR 
I30 0.86 1.00 
n 27 n 28 
p>.00 p> -- 
RAINE 0.99 0.91 1.00 
n 27 n 28 n 28 
p>.00 p>.00 p> -- 
RAIND 0.40 0.21 0.41 1.00 
n 27 n 28 n 28 n 28 
p>.04 p>.28 p>.03 p> -- 
AP1D 0.11 0.40 0.26 -0.59 1.00 
n 7 n 7 n 7 n 7 n 7 
p>.81 p>.37 p>.57 p>.17 p> -- 
AP7D -0.23 -0.26 -0.19 -0.37 0.89 1.00 
n 22 n 23 n 23 n 23 n 7 n 23 
p>.30 p>.23 p>.39 p>.09 p>.01 p> -- 
PEAKRR 0.56 0.56 0.58 0.42 0.64 -0.11 1.00 
n 24 n 25 n 25 n 25 n 6 n 21 n 25 
p>.00 p>.00 p>.00 p>.04 p>.17 p>.63 p> -- 
RUNV 0.76 0.73 0.79 0.37 0.66 0.00 0.95 
n 19 n 19 n 19 n 19 n 6 n 18 n 17 
p>.00 p>.00 p>.00 p>.12 p>.15 p>.99 p>.00 
BDL 0.64 0.76 0.72 0.31 -0.42 -0.13 0.43 
n 26 n 27 n 27 n 27 n 6 n 22 n 24 
p>.00 p>.00 p>.00 p>.12 p>.1 p>.57 p>.04 
TSC 0.44 0.54 0.50 0.02 -0.01 -0.30 0.36 
n 19 n 19 n 19 n 19 n 6 n 18 n 17 
p>.06 p>.02 p>.03 p>.92 p>.99 p>.24 p>.16 
FINES 0.73 0.68 0.74 0.38 0.10 -0.18 0.82 
n 17 n 17 n 17 n 17 n 5 n 17 n 17 
p>.00 p>.00 p>.00 p>.13 p>.87 p>.49 p>.00 
SY 0.73 0.70 0.75 0.29 0.38 -0.10 0.79 
n 19 n 19 n 19 n 19 n 6 n 18 n 17 
p>.00 p>.00 p>.00 p>.23 p>.46 p>.67 p>.00 
Continued 
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Appendix VII: Page 2 
RUNV RUND BDL SSC TSC FINES SY 
RUNV 1.00 
n 19 
p> --- 
RUND 1.00 1.00 
n 17 n 17 
p>0.00 p> -- 
BDL 0.43 0.22 1.00 
n 18 n 16 n 27 
p>0.07 p>0.41 p> --- 
TSC 0.55 0.32 0.65 0.77 1.00 
n 19 n 17 n 18 n 17 n 19 
p>0.02 p>0.21 p>0.00 p>0.00 p> -- 
FINES 0.81 0.81 0.45 0.54 0.70 1.00 
n 17 n 17 n 16 n 17 n 17 n 17 
p>0.00 p>0.00 p>0.08 p>0.03 p>0.00 p> -- 
SY 0.86 0.77 0.51 0.55 0.77 0.94 1.00 
n 19 n 17 n 18 n 17 n 19 n 17 n 19 
p>0.00 p>0.00 p>0.03 p>0.02 p>0.00 p>0.00 p> -- 
Figures are correlation coefficients, n= number of pairs for that particular set of 
variables, p> probability 
 
RAIN = Rainfall (mm); I30 = Maximum rainfall intensity (mm h⁻1), RAINE = 
Rainfall energy = MJ ha⁻1; RAIND = Rainfall depth (mm); AP1D = Precipitation 1 
day before runoff event; AP7D = Precipitation upto 7 day before runoff event; 
PEAKRR = Peak runoff rate (mm h⁻1); RUNV = Runoff volume (liters); BDL = 
Coarser sediment yield (Bedload) (kg ha⁻1); TSC = Total sediment concentration 
(g L⁻1); FINES = Finer sediment yield (kg ha⁻1); SY = Total sediment yield (kg 
ha⁻1) 
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Appendix VIII. Pearson correlation metrics between rainfall, runoff and sediment 
parameters (event wise) Gully-II, 2009-2011 (log transformed data) 
RAIN I30 RAINE RAIND AP1D AP7D PEAKRR 
I30 0.73 1.00 
n 42 n 42 
p>0.00 p> --- 
RAINE 0.99 0.79 1.00 
n 42 n 42 n 42 
p>0.00 p>0.00 p> --- 
RAIND 0.58 0.11 0.51 1.00 
n 42 n 42 n 42 n 42 
p>0.00 p>0.49 p>0.00 p> --- 
AP1D 0.31 0.01 0.29 -0.01 1.00 
n 14 n 14 n 14 n 14 n 14 
p>0.29 p>0.96 p>0.33 p>0.97 p> --- 
AP7D -0.11 0.01 -0.07 -0.25 0.18 1.00 
n 35 n 35 n 35 n 35 n 14 n 35 
p>0.52 p>0.98 p>0.68 p>0.12 p>0.54 p> --- 
PEAKRR 0.73 0.78 0.78 0.17 0.02 -0.09 1.00 
n 37 n 37 n 37 n 37 n 13 n 31 n 37 
p>0.00 p>0.00 p>0.00 p>0.32 p>0.95 p>0.62 p> --- 
RUNV 0.80 0.63 0.80 0.46 -0.15 0.02 0.92 
n 42 n 42 n 42 n 42 n 14 n 35 n 37 
p>0.00 p>0.00 p>0.00 p>0.00 p>0.61 p>0.92 p>0.00 
RUND 0.80 0.72 0.82 0.32 0.04 -0.04 0.92 
n 35 n 35 n 35 n 35 n 13 n 30 n 35 
p>0.00 p>0.00 p>0.00 p>0.06 p>0.90 p>0.85 p>0.00 
BDL 0.62 0.52 0.64 0.22 0.26 -0.05 0.80 
n 39 n 39 n 39 n 39 n 11 n 32 n 34 
p>0.00 p>0.00 p>0.00 p>0.17 p>0.45 p>0.78 p>0.00 
TSC 0.20 0.22 0.22 -0.03 0.23 0.07 0.46 
n 39 n 39 n 39 n 39 n 11 n 32 n 34 
p>0.23 p>0.18 p>0.18 p>0.84 p>0.51 p>0.70 p>0.01 
FINES 0.69 0.63 0.71 0.22 0.11 0.02 0.81 
n 37 n 37 n 37 n 37 n 13 n 31 n 37 
p>0.00 p>0.00 p>0.00 p>0.20 p>0.73 p>0.92 p>0.00 
SY 0.70 0.57 0.71 0.33 -0.04 0.02 0.84 
n 39 n 39 n 39 n 39 n 11 n 32 n 34 
p>0.00 p>0.00 p>0.00 p>0.04 p>0.91 p>0.93 p>0.00 
Continued 
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Appendix VIII: Page 2 
RUNV RUND BDL TSC FINES SY 
RUNV 1.00 
n 42 
p> --- 
RUND 1.00 1.00 
n 35 n 35 
p>0.00 p> --- 
BDL 0.73 0.79 1.00 
n 39 n 32 n 40 
p>.00 p>.00 p> --- 
TSC 0.32 0.43 0.71 1.00 
n 39 n 32 n 40 n 40 
p>.05 p>.01 p>.00 p> --- 
FINES 0.90 0.90 0.77 0.75 1.00 
n 37 n 35 n 35 n 35 n 38 
p>.00 p>.00 p>.00 p>.00 p> --- 
SY 0.90 0.90 0.88 0.70 0.96 1.00 
n 39 n 32 n 40 n 40 n 35 n 40 
p>.00 p>.00 p>.00 p>.00 p>.00 p> --- 
 
RAIN = Rainfall (mm); I30 = Maximum rainfall intensity (mm h⁻1), RAINE = 
Rainfall energy = MJ ha⁻1; RAIND = Rainfall depth (mm); AP1D = Precipitation 1 
day before runoff event; AP7D = Precipitation upto 7 day before runoff event; 
PEAKRR = Peak runoff rate (mm h⁻1); RUNV = Runoff volume (liters); BDL = 
Coarser sediment yield (Bedload) (kg ha⁻1); TSC = Total sediment concentration 
(g L⁻1); FINES = Finer sediment yield (kg ha⁻1); SY = Total sediment yield (kg 
ha⁻1) 
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Appendix IX. Pearson correlation metrics between rainfall, runoff and sediment 
parameters (event wise) Terrace-II, 2009-2011 (log transformed 
data) 
RAIN I30 RAINE RAIND AP1D AP7D PEAKRR 
RAIN 1.00 
n 42 
p> --- 
I30 0.73 1.00 
n 42 n 42 
p>.00 p> --- 
RAINE 0.99 0.79 1.00 
n 42 n 42 n 42 
p>0.00 p>.00 p> --- 
RAIND 0.53 0.07 0.45 1.00 
n 42 n 42 n 42 n 42 
p>.00 p>.67 p>.00 p> --- 
AP1D 0.20 0.01 0.16 -0.08 1.00 
n 14 n 14 n 14 n 14 n 14 
p>.49 p>.97 p>.58 p>.78 p> --- 
AP7D -0.17 0.00 -0.13 -0.29 0.25 1.00 
n 35 n 35 n 35 n 35 n 14 n 35 
p>.34 p>.99 p>.46 p>.09 p>.39 p> --- 
PEAKD 0.77 0.75 0.82 0.16 -0.13 -0.06 
n 35 n 35 n 35 n 35 n 13 n 30 
p>.00 p>.00 p>.00 p>.37 p>.68 p>.77 
PEAKRR 0.78 0.76 0.82 0.22 0.13 0.04 1.00 
n 33 n 33 n 33 n 33 n 12 n 28 n 34 
p>.00 p>.00 p>.00 p>.211 p>.69 p>.86 p> --- 
RUNV 0.85 0.60 0.86 0.44 -0.23 -0.02 0.93 
n 34 n 34 n 34 n 34 n 11 n 29 n 26 
p>.00 p>.00 p>.00 p>.01 p>.49 p>.93 p>.00 
BDL 0.57 0.36 0.57 0.16 0.30 0.03 0.66 
n 39 n 39 n 39 n 39 n 11 n 32 n 32 
p>.00 p>.02 p>.00 p>.32 p>.37 p>.88 p>.00 
TSC 0.20 0.11 0.21 -0.03 0.45 0.19 0.54 
n 31 n 31 n 31 n 31 n 8 n 26 n 24 
p>.28 p>.55 p>.26 p>.88 p>.26 p>.36 p>.01 
FINES 0.81 0.64 0.81 0.39 0.40 0.09 0.93 
n 27 n 27 n 27 n 27 n 10 n 24 n 26 
p>.00 p>.00 p>.00 p>.05 p>.25 p>.68 p>.00 
SY 0.83 0.56 0.83 0.40 -0.02 0.06 0.91 
n 31 n 31 n 31 n 31 n 8 n 26 n 24 
p>.00 p>.00 p>.00 p>.02 p>.96 p>.76 p>.00 
 Continued 
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Appendix IX. Page 2 
RUNV BDL TSC FINES SY 
BDL 0.57 1.00 
n 32 n 40 
p>.00 p> --- 
TSC 0.07 0.75 1.00 
n 32 n 32 n 32 
p>.69 p>.00 p> --- 
FINES 0.79 0.66 0.58 1.00 
n 28 n 25 n 25 n 28 
p>.00 p>.00 p>.00 p> --- 
SY 0.88 0.84 0.53 0.95 1.00 
n 32 n 32 n 32 n 25 n 32 
p>.00 p>.00 p>.00 p>.00 p> --- 
 
RAIN = Rainfall (mm); I30 = Maximum rainfall intensity (mm h⁻1), RAINE = 
Rainfall energy = MJ ha⁻1; RAIND = Rainfall depth (mm); AP1D = Precipitation 1 
day before runoff event; AP7D = Precipitation upto 7 day before runoff event; 
PEAKRR = Peak runoff rate (mm h⁻1); RUNV = Runoff volume (liters); BDL = 
Coarser sediment yield (Bedload) (kg ha⁻1); TSC = Total sediment concentration 
(g L⁻1); FINES = Finer sediment yield (kg ha⁻1); SY = Total sediment yield (kg 
ha⁻1) 
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Appendix X. Rainfall data of experimental sites 
 
Site Year J F M A M J J A S O N D Total 
Rahna 
Sadaat 
2009 0 46 44 122 43 5 193 52 31 7 7 0 549 
2010 4 49 20 4 71 81 288 162 39 0 0 0 718 
 2011 4 36 20 65 24 31 192 127 59 14 7 0 580 
Thoa 
Bahadar 
2009 13 45 35 77 49 5 169 68 37 8 6 0 512 
2010 4 51 3 5 47 109 276 146 75 0 0 11 728 
 2011 5 74 19 53 28 32 184 209 44 16 18 0 682 
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Appendix XI. Parameters data from runoff events from catchments 2009-2011, a) 
peak runoff rate, b) runoff depth, c) runoff coefficients 
 
a) Peak runoff rate (mm h⁻1) 
 Minimum Maximum 25% 75% Median 
Gully 1 0.58 79.20 5.33 28.30 10.58 
Terrace 1 1.72 61.56 5.51 21.38 6.95 
Gully 2 0.40 68.40 5.00 27.90 11.95 
Terrace 2 0.23 42.48 1.74 10.26 6.19 
 
 
b) Runoff depth (mm) 
 Minimum Maximum 25% 75% Median 
Gully 1 0.31 31.51 1.96 11.61 5.04 
Terrace 1 0.48 18.61 1.92 13.39 3.25 
Gully 2 0.40 27.28 1.24 9.61 3.81 
Terrace 2 0.09 12.79 .32 3.55 1.06 
 
c) Runoff coefficient 
 Minimum Maximum 25% 75% Median 
Gully 1 0.01 0.57 0.07 0.26 0.15 
Terrace 1 0.01 0.56 0.03 0.29 0.09 
Gully 2 0.03 0.39 0.09 0.27 0.13 
Terrace 2 0.01 0.23 0.03 0.11 0.06 
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Appendix XII. Sediment yield parameters of runoff events from catchments (2009-
2011), a) bedload sediment yield b) suspended sediment yield c) 
total sediment yield 
a)  Bedload sediment yield (kg ha⁻1) 
 
 Minimum Maximum 25% 75% Median 
Gully 1 8 993 19 66 34 
Terrace 1 0 449 7 20 12 
Gully 2 7 914 44 182 87 
Terrace 2 2 432 13 48 20 
 
b) Suspended sediment yield (kg ha⁻1) 
 Minimum Maximum 25% 75% Median 
Gully 1 3 3508 33 450 92 
Terrace 1 17 1461 29 150 62 
Gully 2 1 2905 36 774 279 
Terrace 2 1 1313 8 214 62 
 
c) Total sediment yield (kg ha⁻1) 
 Minimum Maximum 25% 75% Median 
Gully 1 22 3660 54 371 115 
Terrace 1 1 1483 19 163 44 
Gully 2 8 3795 63 792 345 
Terrace 2 5 1745 16 174 41 
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Appendix XIII. NRCS guidelines for assigning Soil Loss Tolerance “T” 
 
Depth to limiting layer (cm) Soil loss tolerance in t acre⁻1 
Group 1 Group 2 Group 3 
0 - 25 1 1 3 
25 - 50 1 2 3 
50 - 100 2 3 4 
100 - 150 3 4 4 
>150 5 5 5 
 
Group 1: The limitations are significant or there are permanent layers of root 
limitation (nonrenewable). 
Group 2: The limitations for roots are moderate, or there is a less than permanent 
loss to productivity (renewable). 
Group 3: The limitations can be overcome through natural or managed processes, 
and the productivity level of the non-eroded soil can be achieved (very renewable). 
NRCS Guidelines 618.93  General Guidelines for Assigning Soil Loss Tolerance 
“T”. 
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Appendix XIV: Percent contents of particle size classes in sediments, a) bedload 
sediments from catchments b) suspended sediments from 
catchments 
a) 
Clay Silt Total silt VF sand Sand 
0-2 2-5 5-10 10-20 20-50 2-50 50-100 >100 
Gully-I 15.0 10.3 12.8 12.0 11.0 46.1 8.5 30.4 
Terrace-I 11.6 11.3 10.3 12.0 7.8 41.2 5.0 42.2 
Gully-II 5.5 3.0 4.1 3.1 8.0 18.1 6.5 70.0 
Terrace-II 8.5 5.3 5.0 8.8 14.2 33.2 9.7 48.7 
b) 
Clay Silt Total silt VF sand Sand 
0-2 2-5 5-10 10-20 20-50 2-50 50-100 >100 
Gully-I 12.9 10.4 12.7 17.1 32.8 73.0 9.5 4.6 
Terrace-I 13.5 10.1 13.0 17.5 33.2 73.8 9.5 3.3 
Gully-II 14.3 11.0 13.0 18.0 32.8 74.8 9.5 1.4 
Terrace-II 15.5 9.9 17.0 19.5 18.0 64.4 11.5 8.6 
Particle size in µm 
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Appendix XV: Enrichment ratios of particle size classes of sediments from 
catchments 
Bedload sediments Suspended sediments 
Clay Silt VF sand Sand  Clay Silt VF sand Sand 
0-2 2-50 50-100 >100  0-2 2-50 50-100 >100 
Gully-I 1.20 2.14 0.63 0.58  1.03 3.40 0.71 0.09 
Terrace-I 1.05 1.88 0.63 0.71  1.21 3.37 1.19 0.06 
Gully-II 0.39 0.90 1.16 1.28  1.02 3.70 1.70 0.03 
Terrace-II 0.57 1.75 0.80 0.90  1.03 3.39 0.96 0.16 
Particle size in µm; VF sand = very fine sand 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
170 
 
 
 
Appendix XVI. Sediment bound organic carbon loss (kg ha⁻1) from catchments 
 Year Rahna Sadaat  Thoa Bahadar 
  Gully 1 Terrace 1  Gully 2 Terrace 2 
Bedload       
 2010 3.9 0.5  24.0 6.0 
 2011 1.2 0.7  11.4 1.7 
 Total 5.1 1.2  35.4 7.7 
Suspended       
 2010 54.0 19.8  93.6 27.8 
 2011 5.5 2.6  47.8 10.6 
 Total 59.5 22.3  141.4 38.4 
Total       
 2010 57.9 20.3  117.6 33.8 
 2011 6.7 3.3  59.2 12.3 
 Mean 32.3 11.8  88.4 23.1 
 
 
 
 
 
